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Mono-aromatic group of hydrocarbons namely Benzene, Toluene, Ethyl 
benzene and o-Xylene (BTEX) are the most commonly cited environmental pollutants 
found in groundwater due to oil spillage and effluents from petroleum refineries. 
Conventional physico-chemical methods used for BTEX removal are either difficult to 
execute or expensive and invariably release secondary pollutants. On the other hand, 
BTEX biodegradation by a mixed community of micro-organisms offers a promising 
approach in terms of cost-effectiveness and elimination of secondary pollution. In this 
research, we aimed at developing a concoction of micro-organisms for effective 
biodegradation of BTEX and also to comprehend the microbial interactions through 
the analysis of population demographics. 
Two bacterial strains namely Pseudomonas putida F1 and Pseudomonas 
stutzeri OX1 were chosen to formulate synthetic consortia based on their ability to 
biodegrade mono-aromatic compounds. Pure culture biodegradation studies using 
single and mixed substrates revealed complementary biodegradation potentials of the 
two Pseudomonas species. Benzene and toluene supported the growth of both the 
strains; while ethyl benzene and o-xylene were utilized as growth substrates by P. 
putida F1 and P. stutzeri OX1, respectively. In a mixed substrate system, P. putida F1 
exhibited incomplete removal of its non-growth substrate, o-xylene while P. stutzeri 
OX1 displayed cometabolic removal of ethyl benzene with dark coloration of the 
growth medium.  
Biodegradation characteristics of synthetic consortia formulated using the two 
strains were evaluated for three model effluent systems. The microbial population 
required for the mixed culture studies was evaluated through comprehension of the 
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effect of inoculum source and inoculum size on lag time. The strains harboring 
complementary substrate-specificities when mixed exhibited BTEX biodegradation 
capacities better than the individual cultures. The microbial consortia enhanced 
biodegradation of benzene and toluene through contribution from the two 
Pseudomonas species and subsequently allowed the individual strains to consume their 
respective growth substrates, ethyl benzene and o-xylene. 
Population dynamics of the two Pseudomonas species during biodegradation of 
model effluents was established using bioinformatics and molecular biology tools. 
Taqman based quantitative real-time PCR enabled differentiation and quantification 
of the two strains using species-specific primers and Taqman probes. Population 
dynamics studies revealed that the co-culture exhibited a competitive behavior for the 
common growth substrates, benzene and toluene, and mutually co-operated to 
biodegrade ethyl benzene and o-xylene to completion without accumulation of any 
undesirable products. Exclusive biodegradation of ethyl benzene and o-xylene by P. 
putida F1 and P. stutzeri OX1 respectively proved a synergistic interaction between 
the two strains.  
These results emphasized that a concoction of bacteria maximized the benefits 
offered by individual strains with concomitant elimination of undesirable accumulation 
of cometabolites. However, the understanding of microbial interactions through 
population dynamics is not complete due to the complex behavior of the members of 
the consortium in the presence of different substrates. Hence, it is essential to 
comprehend the biodegradation process at the molecular level. Recently proteomics 
has opened potential avenues in understanding bacterial responses to stress due to 
substrate toxicity and pathway intermediates. These studies can further be extended to 
xi 
 
understand the responses of members of the microbial community through 
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1.1 Research background and motivations 
Industrial progress, in the last few decades, has dramatically increased the 
release of toxic xenobiotics into the environment, endangering the eco-balance of 
Mother Earth. For pollution abatement, physico-chemical methods like incineration, 
adsorption, absorption, extraction and others have commonly been used. These 
processes, however, are either difficult to execute or not cost effective and invariably 
end up releasing additional compounds (secondary pollution) into the environment.  
Microorganisms, which are considered to be “Nature’s Original Recyclers” 
(Jain et al., 2005), convert the toxic organic compounds to environmentally acceptable 
forms or completely mineralize them to water, inorganic minerals and carbon dioxide 
(via aerobic biodegradation) or methane (via anaerobic biodegradation) (Providenti et 
al., 1993). In real-time applications, like industrial waste treatment and remediation of 
contaminated sites, pollutant removal is accomplished using mixed cultures obtained 
through enrichment of isolated consortia (Natrajan et al., 1999, Carvalho et al., 2002, 
Arafa, 2003, Morales et al., 2004 and Hesselsoe et al., 2005). During the treatment 
process, the mixed population either utilizes catabolic activities of the associated 
species to generate a complete degradative pathway or exhibit interactions between a 
primary substrate utilizing strain and other ancillary strains to degrade the recalcitrant 
compound (Hamer, 1997). Hence, microbial biodegradation and bio-mineralization are 
considered to be more effective means to control pollution by organic compounds.  
One of the most commonly cited environmental pollutant is the mono-aromatic 
group of hydrocarbons, namely – Benzene, Toluene, Ethyl Benzene and Xylene 
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isomers (BTEX). These compounds are naturally found in petroleum products like 
crude oil, gasoline, diesel fuel and lubricating oils and occur as soil or ground water 
contaminants due to spillages at petroleum production wells, refineries, pipelines, 
distribution terminals and leakages from fuel storage tanks (Fries et al. 1994). 
Pollution problems due to the mono-aromatics is on an alarming rise due to increase in 
oil spills (Talmadage Creek oil spill, MT Bunga Kelana 3, Exxon Mobil oil spill, 
Deepwater Horizon) associated with faulty pipelines or offshore drilling in open seas 
or coastal areas as well as leakages during storage or transportation of petroleum 
related fuels.  
BTEX compounds are typically removed by conventional techniques like air 
sparging, air stripping, adsorption and vapor phase extraction. However, the resulting 
gaseous or liquid streams are required to be further processed through biodegradation 
(Oh and Bartha, 1997) before discharge. Biodegradation is therefore a promising 
method in terms of elimination of secondary treatment processes and improving cost 
effectiveness. The importance of BTEX biodegradation is evident from the increasing 
contributions of various research groups over the past 20 years (Figure 1-1).  
Hitherto, biodegradation studies on BTEX have emphasized the description of 
metabolic pathways, analysis of catabolic genes, kinetics modeling and evaluation of 
biodegradation capacities of pure culture or consortium isolated from contaminated 
sites. With regards to the latter, most of the research contribution (Figure 1-2) had been 
towards the evaluation of biodegradation characteristics of isolated consortia with little 
focus on concocting an efficient microbial consortium. 
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Figure 1-1: Growth in BTEX biodegradation research (Based on the number of 
publications available in ScienceDirect) 
 
Figure 1-2: BTEX biodegradation research contribution in different fields (Based 
on the total number of papers available through PubMed between 1990 – Present) 
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Isolated consortia are obtained through the process of enrichment (natural 
selection). These enriched cultures are assemblages of populations with overall broad 
enzymatic capacities which can support different metabolic pathways necessary to 
enhance the rate and extent of degradation of all the BTEX compounds (Ghazali et al., 
2004). This complements the increased research interest towards evaluation of BTEX 
biodegradation by isolated consortia.  
However, bacterial strains following different metabolic pathways usually 
exhibit competitive behavior during the removal of the mono-aromatics (Duetz et al., 
1994). As a working rule of thumb, if an environment is conducive to the growth of a 
mixed culture, the chances of displacement of slow growing species by the fast 
degraders are high in a multiple substrate system. Eventually, the natural selection 
process ends up losing significant species which are capable of degrading the most 
recalcitrant compound, consequently failing to yield a consortium capable of degrading 
all the aromatics (Oh and Bartha, 1997; Gilbert, 2003). 
Moreover, an isolated consortium poses difficulties in predicting the system 
performance and stability due to undefined interactions among the various species. The 
identification and enrichment of significantly slower growing species in an isolated 
consortium containing innumerable unknown strains might be difficult to execute. 
Further the use of recombinant strains harboring favorable catabolic genes to generate 
complete BTEX biodegradation pathway pose biosafety issues.  Construction of a 
microbial consortium through mixing known species will help in overcoming the 
drawback caused by an isolated mixed community during BTEX biodegradation and 
practical difficulties in using genetically modified micro-organisms. Constructed 
consortium has been found to exhibit better performance than the individual members 
in the concoction (Oh and Bartha, 1997; Reardon et al., 2002; Shim et al., 2005). This 
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can be attributed to the use of a well-defined microbial system comprising favorable 
metabolic pathways and tailored for enhanced microbial interactions. It can therefore 
be surmised that microcosms developed through a proper understanding of the 
substrate and microbial interactions, as opposed to the usual method of isolation from a 
contaminated site and acclimatization, is more advantageous. 
1.2 Research objectives 
The overall research objective of this doctoral dissertation was to develop a 
systematic methodology for concocting a mixture of bacteria for rapid and efficient 
degradation of BTEX (Benzene, Toluene, Ethyl benzene and o-Xylene) compounds 
and to elucidate and understand the substrate and microbial interactions that occurred 
during the biodegradation process. 
This research programme comprised of the following: 
1) Establish guidelines or heuristic rules for mixing Pseudomonas putida F1 and 
Pseudomonas stutzeri OX1 for enhanced BTEX degradation; 
2) Develop a methodology to differentiate and quantify the two Pseudomonas 
species in a mixed culture for population dynamics studies; and 
3) Formulate microbial concoctions for different concentration ranges of BTEX 
and evaluate the biodegradation process with regards to total degradation time, 
substrate and microbial interactions. 
Through this research programme, BTEX biodegradation is viewed from a 
different perspective by:  
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a) Adopting an organized methodology to formulate microcosm using guidelines 
in contrast to the real time methodology of isolation from contaminated sites 
and acclimatization; 
b) Optimized tailoring of microbial cocktails for BTEX biodegradation based on 
different concentration levels of the individual compounds and understanding 
of microbial interactions through population dynamics studies. 
1.3 Thesis organization 
This thesis comprises of seven chapters. The first chapter briefly discusses the 
importance of BTEX as industrial pollutants and provides an insight into the 
motivation for BTEX biodegradation research, listing the overall and specific 
objectives of the research programme. An extensive literature review focusing on 
BTEX degraders, metabolic pathways, kinetic modeling, substrate interaction studies, 
bioreactor design and use of molecular biology tools in BTEX degradation studies will 
be discussed in chapter two, - Literature Review. The third chapter details the materials 
used and protocols followed during the research. Chapter four summarizes the results 
obtained through pure culture studies, development of heuristics to mix the bacteria 
and the proof – of – concept. Chapter five presents the development of genome based 
methodology to differentiate and quantify the two Pseudomonas species using 
molecular biology tools. Mixed culture studies including the optimization of species 
composition for different BTEX concentration ranges and population demographics 
during degradation are described in Chapter six, with specific highlight on the 
interaction among the species and the advantages of mixed culture over pure culture 
for complete BTEX removal. Finally Chapter seven summarizes the important 
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contributions of this research programme and also proposes several recommendations 




2 LITERATURE REVIEW 
This chapter summarizes research on the BTEX system, its consequence as 
pollutants and conventional remediation techniques. The milestones of BTEX 
biodegradation research including the potential micro-organisms and their substrate 
ranges, metabolic pathways, kinetic modeling, substrate and microbial interactions, 
bioreactor design and molecular biology approaches to enhance biodegradation are 
highlighted. 
2.1 BTEX  
The BTEX system, comprising Benzene, Toluene, Ethyl benzene and Xylene 
isomers, is naturally found in petroleum products like crude oil, gasoline, diesel fuel 
and lubricating oils. These volatile organics find extensive applications as solvents in 
paints, thinners, lacquers and adhesives. They are also used as starting materials for the 
manufacture of synthetic fibers, pesticides and plastics (Harwood and Gibson, 1997). 
Unfortunately, these mono-aromatics are also major causes of environmental pollution. 
They commonly occur as soil or ground water contaminants due to spillages at 
petroleum production wells, refineries, pipelines, distribution terminals and leakages 
from fuel storage tanks (Fries et al., 1994). They are also present in the effluents of 
petroleum refineries and industries associated with the manufacture of pesticides, 
chemicals, detergents, varnishes and paints (Chakraborty and Coates, 2004). The 
significance of the mono-aromatics as environmental pollutants can be recognized 
from their ranking in the “Priority list of hazardous substances” published by the 
Agency for Toxic Substances and Disease Registry (ATSDR, 2007), recognition as 
“Priority Pollutant” by Environmental Protection Agency (http://www.epa.gov/) and 
their toxic effects on exposure to humans (Table 2-1). 
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Drowsiness, dizziness, headaches, irritation of skin, eyes and upper respiratory tract, 
unconsciousness upon prolonged exposure and carcinogenic 
0.005 
Toluene 71 
CNS dysfunction, narcosis, fatigue, sleepiness, CNS depression upon prolonged 
exposure 
1 
Ethyl benzene 99 
Respiratory effects like throat irritation and chest constriction, irritation of eyes and 
neurological effects like dizziness 
0.7 
Xylene isomers 58 
Dyspnea, irritation of nose and throat, gastric discomfort, neurological effects such as 
impaired short-term memory and impaired reaction time alterations 
10 
CNS - Central Nervous System 
*Priority list of hazardous substances published by ATSDR, 2007 
 Maximum Contamination Level (mg/L) in drinking water (http://www.epa.gov/) 
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2.2 BTEX remediation techniques 
BTEX removal is achieved either at the contamination site (in situ) or through 
“pump and treat” technologies (ex situ). Depending on the treatment process, the 
cleanup methodologies can be classified as physical, chemical and biological 
techniques (Farhaidan et al., 2007). Physical treatment methods mostly facilitate the 
recovery of the BTEX compounds through exploitation of its volatility (Morrow and 
Lunsford, 1997; Yang et al., 2001; Yang et al., 2005), affinity for a solid phase (Lin 
and Huang, 1999; Aivalioti et al., 2010) or assistance in the migration of the pollutant 
at the contaminated site (Yuan and Weng, 2004; Sarahney and Alshawabkeh, 2007). 
However, these techniques are limited by secondary pollution and decreased removal 
efficiency due to limited solubility of the mono-aromatic compounds.  
Chemical treatment of the mono-aromatics has been carried out by oxidation 
using reactive OH radicals produced using oxidizing agents (Gabriel et al., 2004; 
Liang et al., 2008) or irradiation (Tiburtius et al., 2005; Coelho et al., 2006; Garoma et 
al., 2008) and mineralization in the presence of photocatalysts (Duan et al., 2002; Hou 
et al., 2006; Zhang et al., 2009; Yan et al., 2010). The shortcomings of these processes 
include the need for pretreatment of the aqueous streams, formation of undesirable 
intermediates, partial mineralization and variable removal efficiency due to catalyst 
deactivation.  
Biological processes involve the use of micro-organisms to transform the 
contaminants to environmentally safe compounds either by natural attenuation (Suarez 
and Rifai, 2002; Richnow et al., 2003; Cozzarelli et al., 2010), engineered 
bioremediation (Kunukcu, 2007; Menendez-Vega et al., 2007; Genovese et al., 2008; 
Wolicka et al., 2009) or phyto-remediation (O’Niell and Nzengung, 2004; Barac et al., 
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2009; Weishaar et al., 2009). Phyto-remediation and natural attenuation processes are 
a long term commitment and the degradation rates of the pollutants are influenced by 
site conditions. On the other hand, engineered bioremediation assists in improving 
natural attenuation processes (bio-augmentation/bio-stimulation) and effective 
designing of bio-treatment processes (ex-situ) using isolated bio-consortium. It can 
therefore be surmised that engineered bioremediation is a standalone, inexpensive, 
energy efficient and environmentally friendly approach for mono-aromatics removal. 
2.3 BTEX biodegradation research 
The persistence of aromatic compounds in the environment has increased due to 
the thermodynamic stability of the benzene ring. However, when compared to the poly 
aromatics, BTEX compounds are highly susceptible to microbial attack (Jain et al., 
2005). Among the six hydrocarbons, toluene had been identified as the most easily 
biodegradable compound. This can be attributed to the presence of the substituent 
group on the ring, offering possible alternative mechanisms to attack the side chain or 
oxidize the aromatic ring. Statistical analysis (Gülensoy and Alvarez, 1999) revealed 
that a biodegradation hierarchy exists among the compounds with toluene ranking first 
followed by p-xylene, m-xylene, and ethyl benzene. Benzene and o-xylene were 
identified as the least frequently degraded compounds. 
Owing to the advantages offered by biodegradation and the need for a better 
understanding and wiser application of the biodegradation process, extensive research 
on BTEX biodegradation have been conducted. Much of these focus on the isolation of 
potential micro-organisms, elucidation of biodegradation pathways, mathematical 
modeling of biodegradation kinetics, comprehension of substrate and microbial 
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interactions, design of bioreactors for real-time applications and application of 
molecular biology tools for enhanced biodegradation. 
2.3.1 BTEX degraders 
A wide phylogenetic diversity of bacteria such as Acinetobacter (Kim and Jeon, 
2009), Alcaligenes (Ridgway et al., 1990; Gülensoy and Alvarez, 1999), Burkholderia 
(Haigler et al., 1992; Kumar et al., 2008), Nocardia (Ridgway et al., 1990; Gülensoy 
and Alvarez, 1999), Pseudomonas (Baggi et al., 1987, Shim et al., 2005) and 
Rhodococcus (Taki et al., 2007; Lee and Cho, 2009), have been adapted to use mono-
aromatics as sources of carbon and energy. In addition, micro-organisms belonging to 
Eukaryotes (fungus) and bacteria at contaminated sites characterized by extreme 
conditions like, low or elevated temperatures, alkaline or acidic pH and high salt 
concentrations, have also acquired biodegradative capabilities through evolutionary or 
adaptive processes (Table 2-2). The substrate ranges of these potential micro-
organisms vary among different strains within the same species (Ridgway et al., 1990). 
For example, benzene utilized as a sole substrate by P. putida F1 (Abuhamed et al., 
2004) could not support the growth of P. putida CCMI 852 (Otenio et al., 2005). The 
difference in the affinity of the micro-organism towards mono-aromatics is due to 
enzyme specificity and expression and the effect of substrates on the activation of 
specific biodegradative enzymes (Gülensoy and Alvarez, 1999). It is noteworthy that 
there is as yet no single strain that can completely mineralize all the six compounds as 
sole carbon source, owing to the need for different enzyme systems to initiate the 
substrate degradation pathways. Most often than not, some of these non-growth 
substrates are degraded in the presence of the growth substrates either through 
cometabolism or co-oxidation (Attaway and Schmidt, 2002).  
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Table 2-2: Diversity of BTEX degrading micro-organisms 
Micro organism Description Substrate Reference 
Cladosporium sphaerospermum Dothideomycetes T Weber et al., 1995 
Exophiala oligosperma Eurotiomycetes T Estévez et al., 2005 
Paecilomyces variotii Eurotiomycetes T Estévez et al., 2005 
Phanerochaete chrysosporium Agaricomycetes BTEX Yadav and Reddy, 1993 
Pseudeurotium zonatum Leotiomycetes T Prenafeta-Boldú et al., 2001
Marinobacter vinifirmus Gamaproteobacteria (Halophillic) B,T, E, p-X Berlendis et al., 2010 
Nitrosomonas europea Betaproteobacteria (obligate autotroph) B, T, E, p-X Keener and Arp, 1994 
Planococcus sp. strain ZD22 Bacilli (Psychrotolerant and haloalkaliphilic) B, T, E, o-X Li et al., 2006 
Ralstonia sp. strain PHS1 Betaproteobacteria (Thermotolerant) B, T, E, o-X Lee and Lee, 2001 
Thermus aquaticus ATCC 25104 Deinococci (Thermophillic) BTEX Chen and Taylor, 1995 
Thermus sp. ATCC 27978 Deinococci (Thermophillic) BTEX Chen and Taylor, 1995 
B – Benzene; T – Toluene; E – Ethyl benzene; X – Xylene; BTEX – Benzene, Toluene, Ethyl benzene and Xylene isomers
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2.3.2 Metabolic pathway 
During biodegradation, structurally diverse compounds are degraded through 
different peripheral pathways to intermediates, which are further channeled via a few 
central pathways to the central metabolism of the cell. Based on the availability of 
oxygen, BTEX biodegradation can follow an aerobic or anaerobic pathway. The 
aerobic catabolism of aromatic pollutants has been more prevalent in the biosphere due 
to the broader catabolic range and faster degradation kinetics (Cao et al., 2009). 
In the aerobic catabolic funnel, oxygen (terminal electron acceptor) activates 
the substrate for oxygenation reactions, which generates dihydroxyl aromatic 
hydrocarbons. These intermediate compounds undergo ring cleavage between two 
hydroxyl groups followed by a series of reactions leading to the formation of Krebs 
cycle intermediates (Diaz, 2004). Based on the initial steps of formation of dihydroxyl 
compounds (catechols), the metabolic pathway can be classified into ring 
hydroxylation pathway and alkyl substituent oxidation pathway. The ring 
hydroxylation pathway involves the attack of the aromatic ring, by dioxygenases 
(toluene dioxygenase (TOD)) or monooxygenases (toluene o-monooxygenase (TOM), 
toluene m-oxygenase (TBU) and toluene p-oxygenase (TMO)), to produce dihydroxyl 
compounds. Alkyl substituent oxidation pathway involves the oxidation of the alkyl 
substituent to catechols (TOL pathway).  
Zylstra (1994) has characterized five different biochemical pathways for BTEX 
biodegradation by aerobic bacteria. As an example, aerobic degradation of toluene by 
five different Pseudomonas species was demonstrated by Gülensoy and Alvarez (1999) 






Figure 2-1: Five different metabolic pathways of toluene degradation (Gülensoy 










Competition among four Pseudomonas species following different metabolic pathways 
to degrade toluene was observed under toluene limiting and oxygen limiting conditions 
(Duetz et al., 1994). The strains that used a ring hydroxylation pathway outshone the 
strains that commenced the biodegradation through the oxidation of the methyl group.  
In anaerobic reactions, several enzymatic reactions activated the hydrocarbons 
to produce a common central metabolite, benzoyl-co-A in the presence of alternative 
electron acceptors such as SO42-, Fe3+, Mn+4, NO3- or CO2 (Holliger and Zehnder, 1996; 
Holliger et al., 1997; Heider and Fuchs, 1997; Chakraborty and Coates, 2004). Four 
enzymatic reactions, namely fumarate addition catalyzed by glycyl radical enzyme, 
methylation of unsubstituted aromatics, hydroxylation of alkyl substituent via a 
dehydrogenase and direct carboxylation, were recognized as aromatic activation 
reactions (Foght, 2008). The intermediate eventually undergoes ring reduction 
followed by ring cleavage and oxidation (Heider and Fuchs, 1997; Gibson and 
Harwood, 2002). The anaerobic removal of benzene has been difficult due to the 
thermodynamic stability of the compound which eventually resists the initiation of 
enzymatic attacks (Langenhoff et al., 1996).  
Though anaerobic strategies (addition of electron acceptors) are more 
appropriate for in-situ remediation of contaminated sites like subsurface soil and 
groundwater environments (Da Silva and Alvarez, 2004; Dou et al., 2008b), lack of 
detailed research on the appearance of degradation products during anaerobic substrate 
removal (Foght, 2008) and thermodynamically unfavorable hydration during the 
introduction of oxygen into the aromatic nucleus in the anaerobic process, renders 
aerobic degradative pathways more efficient. 
17 
 
2.3.3 Biodegradation kinetics modeling 
Mathematical modeling of biodegradation kinetics serves as a quantitative tool 
for predicting the fate of potential contaminants. An accurate determination of 
biodegradation kinetics is significant for the proper design of cost-effective and 
reliable bioreactors for treatment of BTEX contamination. The most common strategy 
to model microbial growth and substrate depletion was to model single substrate 
biodegradation (pure culture/isolated consortium) and then extend the kinetic equations 
to multiple substrates and multiple species through incorporation of interaction 
parameters to single substrate models.  
Monod kinetics had been widely used to predict single substrate (BTEX) 
degradation by pure and isolated consortium (Alvarez et al., 1991; Chang et al., 1993; 
Oh et al., 1994; Schirmer et al., 1999; Reardon et al., 2000; Rogers and Reardon, 2000; 
Kim et al., 2005; Littlejohns and Daugulis, 2008a). Apart from growth substrate 
limitation kinetics, oxygen limited growth of Pseudomonas putida F1 (benzene/toluene) 
and Ralstonia picketti PKO1 (toluene) have also been described by Monod saturation 
kinetics (Alagappan and Cowan, 2004). The modeling of oxygen limited growth 
facilitated a prediction of the effectiveness of the micro-organism during the removal 
of the contaminants from subsurface environment. Monod’s kinetic model, based on 
substrate limitation, is empirical and the two coefficients (specific growth rate, m and 
affinity constant, Ks) are system specific. The model does not account for substrate 
toxicity effects and overestimates biodegradation rates at high substrate concentrations 
(Alvarez et al., 1991).  
Inhibitory kinetic models such as Andrew (Haldane) inhibitory kinetics (Oh et 
al., 1994; Abuhamed et al., 2004; Kim et al. 2005), Aiba-Edwards model (Kim et al., 
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2005) and Luong model (Li et al., 2006) have been used to describe the decrease in 
microbial growth rate at high concentrations of BTEX (toxicity), products or other 
inhibitors (metals/non-growth substrates) present in the system. Kim and co-workers 
(2005) have used Monod kinetics, Haldane-Andrew inhibition and Aiba-Edwards 
model to describe benzene degradation by several Pseudomonas species. The 
interpretation of the experimental results in terms of qualitative aspects of specific 
growth rate and affinity constant were similar within the inhibitory and non-inhibitory 
models. The parameters differed substantially between the two models in quantitative 
aspects indicating that an appropriate choice of growth model is essential to simulate 
the fate of mono-aromatic compounds during the biodegradation process.  
Unlike sole substrate kinetics, multiple substrate biodegradation kinetics 
modeling is complex due to the existence of substrate interactions. Competitive 
inhibition and cometabolic removal of non-growth substrate are commonly described 
in the literature for multi-component biodegradation of mono-aromatics. Chang and 
co-workers (1993) modeled competitive inhibition kinetics (paired substrates) by 
incorporating an inhibition parameter to the Monod expression for pure substrate 
(benzene/toluene/p-xylene) biodegradation kinetics. Bielefeldt and Stensel (1999) 
modeled the competitive inhibition effects during biodegradation of BTEX mixtures 
by three different mixed cultures based on the concentration of individual substrate 
relative to the total BTEX concentration. The model demonstrated that when the 
affinity constant evaluated from individual substrate biodegradation kinetics were 
similar, the biodegradation rate of any individual compound in the multi-component 
mixture was proportional to its maximum specific biodegradation rate (pure substrate 




Cometabolic removal of p-xylene in the presence of toluene (Chang et al., 1993) 
and o-xylene in the presence of benzene or toluene (Littlejohns and Daugulis, 2008a) 
have been described through Monod based kinetics. Cometabolic transformation 
model coupled the non-growth substrate removal to the consumption of growth 
substrate during growth and biomass loss during the decay phase.  
Sum Kinetics Interaction Parameter model (SKIP) for multi-substrate 
biodegradation kinetics utilizes the parameters (Monod/Andrew Kinetics) evaluated 
from single substrate biodegradation kinetics to compute interaction parameters. The 
interaction parameters indicate the degree (positive/negative interaction) by which a 
substrate affects the biodegradation of another. Reardon and his research group (2000) 
described the biodegradation kinetics of benzene and toluene by Pseudomonas putida 
F1 by the SKIP model accounting for competitive inhibition effect and simultaneous 
and sequential biodegradation patterns of mixed substrates. In addition to dual 
substrate systems, ternary (Reardon et al., 2000; Abuhamed et al., 2004) and 
quaternary substrate systems (Littlejohns and Daugulis, 2008a) have also been 
successfully described by SKIP model. Among the various substrate interaction 
models, the SKIP model seems to satisfactorily quantify the interaction among the 
various substrates. Given that this model lacked specificity in the interaction 
parameters, metabolic engineering studies of biodegradation pathways of micro-
organisms perhaps provide the needed link to complete the understanding on substrate 




2.3.4 Microbial and substrate interaction 
A good comprehension of BTEX biodegradation characteristics of 
single/mixed culture coupled with substrate interaction and mineralization studies 
augments the knowledge of complex biodegradation kinetics and facilitates the 
improvement of bioremediation processes. Biodegradation patterns of individual 
mono-aromatics in multi-component mixtures generally differ from that of pure 
substrate depletion. The presence of BTEX compounds either stimulate biodegradation 
of other aromatic compounds through induction of the required catabolic enzymes, 
inhibit biodegradation due to toxicity, catabolite repression, competitive inhibition for 
enzymes, depletion of electron acceptors or simply support the cometabolic removal of 
non-growth substrates (Rogers and Reardon, 2000).  
The biodegradation patterns in a multiple substrate system depend on the nature 
of the micro-organisms and as well as the co-substrates present in the system. 
Substrate preference and biodegradation capacity of the micro-organisms is influenced 
by the microcosm isolation procedure and subsequent adaptation process. Based on 
BTX biodegradation kinetics studies, Alvarez and Vogel (1991) demonstrated that the 
substrate preference of a species is based on the aromatic compound utilized during its 
isolation from a consortium. For example, Pseudomonas sp. strain CFS-215 isolated 
using toluene, showed better degradation of toluene while Arthrobacter sp. strain HCB 
isolated using benzene, exhibited preferential biodegradation of benzene amidst 
toluene and p-xylene. Biodegradation of the other mono-aromatics was enhanced by 
the presence of benzene (Arthrobacter sp. strain HCB) or toluene (Pseudomonas sp. 
strain CFS-215).  
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The effect of adaptation of Cladophialophora sp. strain T1 with the alkyl 
benzene components (TEX) showed increase in the BTEX biodegradation capacity and 
negligible lag phase during substrate removal (Prenafeta-Boldú et al., 2004). Also, 
biodegradation of benzene, toluene and phenol by adapted cells of Pseudomonas 
putida F1 was faster than removal kinetics exhibited by non-adapted cells irrespective 
of the substrates used for the adaptation process (Abuhamed et al., 2004). Similarly 
microbial consortium and a strain, Rhodococcus rhodochrous isolated from enriched 
consortium exhibited multiple substrate range and different interaction behaviors due 
to the use of different substrates for isolation procedure (Deeb and Alvarez-Cohen, 
1999).  
Although the fungus Phanerochaete chrysosporium, degraded all BTEX 
compounds without any inhibitory interaction, it exhibited preference for higher 
substituted aromatic rings like xylene and ethyl benzene over toluene (Yadav and 
Reddy, 1993). The biodegradation pattern of BTEX mixtures by the fungus 
Cladophialphora sp. strain T1 revealed cometabolic removal of o- and m-xylene and 
the absence of benzene degradation (Prenafeta-Boldú et al., 2002). Similarly, xylene 
isomers were cometabolized in the presence of the growth substrates by Rhodococcus 
strains isolated from a gasoline contaminated site. In addition, ethyl benzene was 
found to significantly inhibit the biodegradation of BTX in mixtures (Deeb and 
Alvarez-Cohen, 2000). Biodegradation of benzene, toluene, xylene and methyl tert-
butyl ether were strongly inhibited by ethyl benzene during multi-substrate removal by 
Rhodococcus sp. EH831 (Lee and Cho, 2009). Although Rhodococcus pyridinovorans 
PYJ-1 degraded benzene, toluene and m-xylene, there was preferential degradation of 
toluene. It was also found that the degradation rates of the individual BTEX 
compounds in mixture decreased by 57-89% of the sole substrate biodegradation rate 
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(Jung and Park, 2004). Likewise, BTX degradation by Pseudomonas putida CCMI852 
showed decreased degradation rates of the individual compounds due to the presence 
of benzene in dual and ternary mixtures (Otenio et al., 2005).  
Yeom and Yoo (1997) designed an orthogonal array table to deduce substrate 
interaction (inhibition) between benzene and toluene during mixed substrate removal 
by Alcaligenes xylosoxidans Y234. The effect of benzene on toluene biodegradation 
was about twice as high as that of toluene on benzene biodegradation. The overall 
biodegradation characteristics such as cell yield, degradation time, and maximum 
specific consumption rate were found to be dominated by benzene. Response surface 
methodology, a combination of mathematical and statistical techniques was used to 
study the removal pattern of BTEX compounds as mixtures in a batch system by 
mixed consortium (Jo et al., 2008). This systematic approach revealed synergistic 
interactions with increasing xylene concentration, antagonistic behavior with 
increasing benzene concentration and a mixed response for increase in toluene and 
ethyl benzene concentrations.  
Favorable substrate interactions are beneficial to a better approach for the 
design of real-time BTEX remediation systems. In contrast, several culture systems 
exhibited cometabolic removal of non-growth substrate in a multi-component system 
producing a dead-end metabolite. To achieve complete removal of BTEX, mixed 
culture approaches have always been the best strategy. Oh and Bartha (1997) described 
the construction of an artificial two member consortium, Pseudomonas putida PPO1 
and Pseudomonas putida ATCC 33015 with complementary metabolic activities. The 
former followed the TOD pathway consuming toluene and benzene, while the latter 
followed the TOL pathway consuming toluene and p-xylene. The metabolic capability 
of the two strains was coupled and was advantageous in achieving complete 
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biodegradation of benzene, toluene and p-xylene. A co-culture of two Pseudomonas 
putida isolates following TOD or TOL pathway was unable to utilize o-xylene 
(Attaway and Schmidt, 2002) exhibiting selective removal of BTEX. When the two 
cultures were mixed together, all the BTEX compounds were removed collectively 
with an enhanced cometabolic removal of o-xylene. Carbon mass balance using 14C-
labeled benzene and toluene (Shim et al., 2005) confirmed complete mineralization of 
the two aromatics to CO2 and H2O with no detectable intermediary metabolites during 
the degradation of BTEX by the co-culture, Pseudomonas putida and Pseudomonas 
fluorescens. Comparison of biodegradation potentials of mixed and pure cultures 
studies revealed that a mixed culture was more effective than the pure cultures in 
mineralizing BTEX mixtures. The broad mineralization capacity exhibited by the 
mixed culture is not surprising and can be attributed either to the presence of different 
microbial species with a number of metabolic pathways or to interspecies interactions. 
2.3.5 Bioreactor design 
Bioreactors facilitate ex-situ bioremediation of BTEX compounds under 
controlled environmental conditions such as pH, temperature, nutrients, electron 
acceptors and others. Suspended and attached growth based bioreactors have been 
widely used to biodegrade mono-aromatic hydrocarbons. Suspended growth 
bioreactors provide better mixing and uniform distribution of substrates, nutrients and 
electron acceptors for enhanced biodegradation (Zein et al., 2006). Though suspended 
growth bioreactors exhibit high removal efficiencies (Chen and Taylor, 1997; Acuna-
Askar, 2003), their performance have been limited by excess biomass accumulation 
(sludge problems) with continuous operations and substrate inhibition at high pollutant 
loadings. The most common strategies used to reduce substrate toxicity encountered in 
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suspended bioreactors are the use of an adsorptive medium, growing the biomass on 
support matrix (biofilm or immobilized cell bioreactors) or the use of a second 
immiscible phase for a cell based controlled delivery of substrates into the aqueous 
phase (two-phase partitioning bioreactors). 
In biofilm reactors, micro-organisms grow on support materials which retain 
high biomass concentration with enhanced metabolic activity and resistance to 
substrate toxicity (Oh et al., 2002; Mello et al., 2010). Adsorptive media such as 
granular activated carbon, when used as a support for biomass growth, further reduces 
microbial inhibition significantly at high pollutant loadings through concomitant 
substrate adsorption and biodegradation processes (Voice et al., 1992; Mason et al., 
2000; Pruden et al., 2003). Real-time application of biofilm reactors however is limited 
by possible biomass losses due to fluctuations in pollutant loadings and/or 
deterioration of the adsorptive medium due to accumulation of secondary pollutants 
incurring high cost for regeneration or disposal problems. Immobilization of biomass, 
on the other hand, offers the cells a protective barrier against toxic substrates and 
minimizes biomass losses due to unforeseen perturbations in substrate loadings. 
Biofilm and immobilized cell bioreactor configurations are considered advantageous 
over suspended cell culture in terms of higher biodegradation rates, removal efficiency 
and maximum treatable BTEX concentrations (Shim et al., 2002; Taoufik et al., 2004; 
Parameswarappa, 2008).  
Two-phase partitioning bioreactors (TPPB) are extensively studied in recent 
years for the treatment of toxic contaminants with relatively low water solubility. 
Target pollutants are typically partitioned into a second phase (organic) at 
concentrations higher than that in the aqueous phase containing the micro-organisms. 
Mono-aromatics are continuously delivered from the sequestering phase into the 
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aqueous medium according to the metabolic demand of the biomass and 
thermodynamic equilibrium between the two phases (Collins and Daugulis, 1999; 
Davidson and Daugulis, 2003).   
Selection of the organic phase based on its partitioning properties, non-
biodegradability, biocompatibility, cost and safety have limited the practical 
application of TPPB (Muñoz et al., 2007b). Alternatively solid polymers have been 
used as sequestering phase owing to their characteristics such as non-bioavailability, 
immiscibility, and biocompatibility (Daugulis et al., 2003; Littlejohns et al., 2010). 
TPPB possessed the advantage of being self-regulating in terms of delivery of the 
mono-aromatics to the aqueous phase in response to the consumption rate of the micro-
organisms and thus reducing substrate inhibition effects as experienced in suspended 
cultures at high substrate concentrations. Furthermore, the use of solid polymer beads 
has opened potential avenues for development of “green”, solvent-free processing 
strategies (Daugulis et al. 2011).  
Novel BTEX bioremediation techniques, which allow elimination of substrate 
inhibition and maintenance of culture viability and stability based on the designs 
discussed above, are summarized in Table 2-3. Hitherto, most of these bioreactor 
studies focused on evaluation of the reactor performance with regards to operating 
parameters such as retention time, loading rates of substrates and aeration (Oh et al., 
2002; Kumar et al., 2008; Singh and Fulekar, 2010), response to transient loading (Lee 
et al., 2009; Littlejohns and Daugulis, 2008b) and mathematical modeling (Choi et al., 





Table 2-3: Novel bioremediation techniques for BTEX biodegradation 
Bioreactor Reactor Configuration Reference 
Biofilter Reactor consisted of five PVC sections; four sections packed with composted pine 
bark and perlite and lowest served as liquid reservoir 
Du Plessis et al., 
2001 
Biomass Concentrator Reactor Reactor housed several polyethylene membrane modules within a stainless steel cube 
with a network of diffusers distributed in between the modules; treated water 
permeated under the force of gravity through the membrane walls, with the biomass 
remaining outside the module. 
Zein et al., 2006 
Modified CSTR CSTR with silicon tubing immersed in the bioreactor; toluene circulated inside the 
tubing diffused into the aqueous phase where it was biodegraded by P. putida. 
Choi et al., 1992 
Biofilm membrane bioreactor Reactor module was partitioned by PDMS/PAN composite membrane; circulation of 
nutrient medium in one compartment allowed growth of B. vietnamiensis G4 on the 
membrane surface. 
Kumar et al., 2008 
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Bioreactor Reactor Configuration Reference 
Immobilized cell airlift 
bioreactor 
Reactor consists of aerated and non-aerated portions divided by semi-permeable 
geotextile. Aeration on one side allowed horizontal and vertical flow patterns 
facilitating cell immobilization on geotextile fibers 
Kermanshahi pour 
et al., 2005 
Hybrid bioreactor Reactor comprised of bubble column and biofilter sections; concurrent removal of 
influent benzene in bubble column and air-stripped benzene in biofilter section by A. 
xylosoxidans Y234 immobilized in calcium alginate beads. 




Mixed bioreactor containing organic phase (n-hexadecane) and aqueous phase 
(growth medium containing A. xylosoxidans Y234) 
Yeom and Daugulis, 
2001 







2.3.6 Molecular biology approaches 
The strategies to enhance the efficiency of bioremediation techniques require a 
comprehensive knowledge of the degraders, their metabolic capabilities, their 
responses to perturbation in environmental conditions and also proper understanding of 
the biodegradation process at the molecular level (metabolic pathway). The advent of 
high-throughput methods in the field of molecular biology is gradually revolutionizing 
the analysis of BTEX biodegradation systems. Molecular tools such as fluorescent in 
situ hybridization (FISH) (Alfreider and Vogt, 2007), DNA-DNA hybridization 
(Stapleton et al., 1998), denaturing gradient gel electrophoresis (DGGE) (Hendrickx et 
al., 2006a; Sang Chun et al., 2007), polymerase chain reaction-single-strand 
conformation polymorphism (PCR-SSCP) (Junca and Pieper, 2004) restriction 
fragment length polymorphism (RFLP) (Menendez-Vega et al., 2007), temperature 
gradient gel electrophoresis (TGGE) (Prenafeta-Boldú et al., 2004)., SDS 
polyacrylamide gel electrophoresis (PAGE) (Morlett-Chávez et al., 2010) and real-
time PCR (Baldwin et al., 2008) have all been used for investigating BTEX 
biodegradation systems.  
Identification and classification of micro-organisms in BTEX contaminated 
sites (Stapleton et al., 1998; Alfreider and Vogt, 2007; Taki et al., 2007; Sei and 
Fathepure, 2009) or species isolated from contaminated sites (Elmen et al., 1997; Song 
et al., 1998; Lee and Lee, 2001; Kim et al., 2002; Auffret et al., 2009) had been 
accomplished through amplification and sequencing of specific regions of 16S rRNA 
gene and subsequent sequence comparison with available genomic databases. 
Characterization and taxonomic classification of microbial community structure 
(contaminated site/isolated consortium) had been mostly achieved through the analysis 
29 
 
of 16S rRNA gene. This may be attributed to the fact that rRNA genes serve as a 
phylogenetic marker and assist in discerning evolutionary relationships for taxonomic 
identification of the microbial consortia (Oslen et al., 1986). This gene has been 
established as the gold standard in bacterial phylogentic analysis (Case et al., 2007).  
In addition, design of short chain oligonucleotide fluorescent probes 
complementary to a specific sequence of 16S rRNA gene of organisms enabled the 
visualization and quantification of the individual species using microscopic techniques 
(FISH). This technique has been used for the differentiation and quantification of 
Pseudomonas putida F1 and Burkholderia JS 150 by Rogers and co-workers (2000). 
Alfreider and Vogt (2007) demonstrated the use of Eubacterial- and beta 
Proteobacteria-specific fluorescent probes to confirm the characterization of microbial 
community through 16S rRNA sequence analysis. Biases in accuracy of microbial 
community analysis may be introduced by the existence of multiple copies of the 
ribosomal gene within a genome. Moreover, the technique limits the understanding of 
the physiological aspects of the microbial community (Lovely, 2003). The use of 
single copy gene for community analysis allows for accurate measurement of diversity 
and phylogenetic relationships avoiding loss in phylogenetic resolution and biases in 
diversity measurements due to the presence of intragenomic heterogeneity (Case et al., 
2007).   
Techniques involving detection and analysis of key genes provide more 
information on microbial processes and also facilitate the development of a positive 
correlation between the relative abundance of the functional genes and the potential of 
contaminant biodegradation. BTEX degrading enzymes namely monooxygenases and 
dioxygenases have been used in functional gene diversity analysis (Junca and Pieper, 
2004; Hendrickx et al., 2006b), construction of phylogenetic tree of protein sequences 
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(Kim et al., 2008; Kim and Jeon, 2009), assessment of the feasibility of natural 
attenuation (Baldwin et al., 2008) and monitoring of microbial community dynamics 
with changes in environmental conditions and contaminant levels (Sei and Fathepure, 
2009). 
Recombinant DNA technology and in vitro mutagenesis have been used to 
produce hybrid genes encoding fusion proteins to enhance catabolic enzyme 
expression for complete degradation of all BTEX compounds. Two metabolic 
pathways (TOD and TOL) were connected through the construction of a hybrid strain 
Pseudomonas putida TB101 by introducing the TOL plasmid pWWO (Pseudomonas 
putida mt-2) into Pseudomonas putida F38/D (Lee et al., 1994). The recombinant 
bacterium completely mineralized benzene, toluene and p-xylene, unlike the donor and 
host strains. Lee and his research group (1995) assembled a hybrid route by 
combinations of appropriate sections of the TOD and TOL pathways through genetic 
and biochemical analysis.  The genes encoding TOD pathway were cloned on broad 
host range multicopy vector RSF1010. A hybrid strain Pseudomonas putida TB105 
was constructed by introducing the constructed vector into the TOL strain 
Pseudomonas putida mt-2. The hybrid route (Figure 2-2) channeled dihydrodiols 
formed from benzene, toluene and p-xylene in the TOD pathway into the TOL 
pathway leading to complete mineralization of the mono-aromatics. Introduction of 
genetically engineered strains for enhanced biodegradation into the environment 
nonetheless, poses a biosafety issue due to the possibilities of the persistence of 
naturally undesired genes in the environment and their undesirable transfer to 
indigenous species (Díaz et al., 2004). Consequently, for complete mineralization of 








Figure 2-2: Construction of hybrid pathway for degradation of benzene, toluene 
and p-xylene by recombinant strain Pseudomonas putida TB101 (introduction of 
tol pWW0 plasmid into Pseudomonas putida F38/D) and Pseudomonas putida 
TB105 (cloning the genes encoding toluene dioxygenase on RSF1010 and 




BTEX biodegradation research over the past two decades has emphasized the 
following: 
a) Mono-aromatic hydrocarbons are utilized as carbon sources by micro-organisms 
belonging to a diverse phylogeny despite the thermodynamic stability of the 
benzene ring. Among the six mono-aromatics toluene was identified as the most 
frequently degraded followed by p-xylene, m-xylene, and ethyl benzene, benzene 
and o-xylene 
b) Microbial growth and single substrate depletion kinetics has been described using 
Monod and inhibitory kinetics model. Biodegradation pattern of individual mono-
aromatics in a multi-component mixtures differed from that of pure substrate 
depletion and SKIP model successfully predicted substrate interactions. Predictive 
modeling, on the other hand, failed to identify microbial interactions among the 
strains in a mixed culture during mono-aromatic removal. 
c) Several aerobic metabolic pathways had been identified to biodegrade BTEX 
compounds. However, a single pathway failed to bio-mineralize all the compounds 
to completion. Micro-organisms isolated from contaminated sites exhibited broad 
enzymatic capacities due to their ability to support different metabolic pathways 
necessary for BTEX biodegradation. Due to the competitive behavior among the 
strains following different catabolic pathways, the process of acclimatization often 
failed to produce a stable consortia to biodegrade the mono-aromatic hydrocarbons. 
d) Molecular biology approaches enabled the identification of the key genes 
responsible for BTEX removal and subsequently facilitated the construction of 
recombinant strain to biodegrade the volatile organics. The potential risks 
associated with use of these genetically engineered strains however hindered their 
use for real-time application. 
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Based on the milestones of BTEX biodegradation research, concoction of 
microbial consortium and understanding the microbial interactions among the 
members of the consortia during enhanced mono-aromatic removal offer a potential 




3 MATERIALS AND METHODS 
3.1 Hydrocarbons 
The mono aromatic hydrocarbons, benzene (99% pure) and toluene (99% 
pure) were purchased from Merck chemicals (Germany) while ethyl benzene (99% 
pure) and o-xylene (99% pure) were purchased from Sigma Aldrich (USA). The 
BTEX compounds were stored as aliquots in 20 mL sample vials at 4C. 
3.2 Bacterial culture 
Two bacterial strains, namely Pseudomonas putida F1 (Pseudomonas putida 
ATCC® 700007) and Pseudomonas stutzeri OX1 (Pseudomonas stutzeri ATCC® 
BAA-172) were obtained from American Type Culture Collection (ATCC). The 
former strain had been reported to follow the TOD pathway (Zylstra et al., 1988) while 
the latter biodegrades the mono-aromatics through ToMO pathway (Barbieri et al., 
2001; Barbieri et al., 2007). 
3.3 Primers 
The primers used for identification of polymorphic regions across genomes and 
amplification of biomarker sequence are given in Table 3-1. The primers (Sigma-




Table 3-1: Primers for DNA amplification 




PpPsF 5 - ACCAGCATGTCGGCGTCG - 3 
PpPsR 5 - CCGGACATCAAGCTGACCC - 3 
PsF 5 - CCGGACATCAAGCTGACCC - 3 




PpF1F 5 - TGCGCCGAGGATGATGATC - 3 
PpF1R 5 - CAGGAAGGCGGTCACGAC - 3 
PsOX1F 5 - CTGCACCCAGGATGATGATT - 3 
PsOX1R 5 - CAGGAAGGCGGGCACGAT - 3 
Primers designed along the conserved regions flanking the INDEL polymorphic 
region using the Gene Runner software (v3.05) 
Species-specific primers designed to differentiate the two Pseudomonas species using 
the Primer express® software (v2.0) 
3.4 Probes 
Species-specific Taqman probes (100µM) used for quantitative real-time PCR 
were purchased from Applied Biosystems Inc, USA. The probes contained fluorescent 
dye (FAM or VIC) at the 5 and a non-fluorescent quencher (NFQ) with minor groove 
binder (MGB) at the 3 end of the nucleotide (Table 3-2). The probes were stored as 




Table 3-2: Probes for quantitative real-time PCR 
Species Probe Sequence 
P. putida F1 Pp-FAM FAM–CATGCGCTACTCCCT–MGB NFQ 
P. stutzeri OX1 Ps-Vic VIC–CTTGGCGTAATAGAACC–MGB NFQ 
Species-specific probes designed to differentiate the two Pseudomonas species using 
the Primer express® software (v2.0) 
3.5 Bacteria storage conditions  
All the bacterial strains were stored as glycerol stock at -80C. Pseudomonas 
species were maintained at 4C by periodic sub-transfer on nutrient agar slants. 
3.5.1 Glycerol stock 
50% glycerol solution (99%; Sigma Aldrich, USA) was prepared with 
autoclaved deionized water and filter sterilized. To 600 µL of overnight grown cells, 
400 µL of glycerol solution was added to 1.5 mL micro centrifuge tubes. The cell mix 
was snap frozen with liquid nitrogen and stored at -80C. The cell line when needed 
was thawed in ice and a loop of glycerol stock stock was streaked on LB agar plates or 
agar slants. The culture plates or slants were incubated at the required temperatures 
until visible colonies were found. 
3.5.2 Agar slant 
Agar solution was prepared by dissolving 14 g of CM3 nutrient agar (Oxoid 
Ltd, England) in 500 mL deionized water. The solution and agar bottles were sterilized 
by autoclaving at 121C for 15 min (Hirayama H1Clave HV-110 Autoclave). The 
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warm agar solution (50C) was poured almost three fourth of each bottle and placed on 
an inclined stand in the biological safety cabinet (GELMAN, USA), until it solidified. 
Each agar slant was inoculated with 1 mL of substrate induced Pseudomonas cells and 
incubated at 30C. After incubation of 1-2 days, the slants were refrigerated at 4C. 
3.6 Bacterial culture medium 
Both Pseudomonas species were raised using BTEX (Benzene, Toluene, Ethyl 
Benzene and o-Xylene) as sources of carbon (unless otherwise stated) in nutrient 
mineral medium prepared in Milli-Q plus 185 (Millipore, Bedford, USA) filtered water. 
The mineral medium consisted of (g/L):  K2HPO4, 0.65; KH2PO4, 0.19; NaNO3, 0.50; 
MgSO4.7H2O, 0.10; FeSO4.7H2O, 0.00556; (NH4)2SO4, 0.50; Nitrilotriacetic acid, 
0.015; MnSO4.H2O, 0.005; CoCl2.6H2O, 0.001; CaCl2, 0.001; ZnSO4.7H2O, 0.0001; 
CuSO4.5H2O, 0.0001; H3BO3, 0.0001 and Na2MoO4.2H2O, 0.0001.  
3.7 BTEX biodegradation  
BTEX biodegradation experiments were performed in 500 mL Erlenmeyer 
flasks fitted with screw caps equipped with PTFE inserts. The total working volume 
for each flask was 250 mL. Prior to inoculation in each experiment, a loop of stock 
culture maintained on agar slant was transferred to the mineral medium containing 
approximately 60-70 mg/L of toluene for Pseudomonas putida F1 and o-xylene for 
Pseudomonas stutzeri OX1. The preculture flasks were kept at constant shaking of 120 
rpm in water bath rotary shakers (GFL 1092, Germany) at 30C. The cells at the late 
exponential growth phase were harvested by centrifugation at 8200 × g for 10 min at 
25C and resuspended in fresh mineral medium. The prepared stock culture was used 
to inoculate the experimental flasks, according to the requirements of the experiments. 
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3.8 Cell concentration 
Cell concentration was determined by measuring the optical density at 
wavelength 600 nm (OD600) using a Shimadzu UV 1601 UV-Visible 
Spectrophotometer (Shimadzu Scientific Instruments, USA) using 1 cm path length 
quartz cuvettes. A correlation was obtained between the optical density and the number 
of colonies by plating known serially diluted cell culture in Luria-Bertani (LB) agar 
plates (P. putida F1 – 2  109 cfu/AU; P. stutzeri OX1 – 1.7  107 cfu/AU).  
3.9 BTEX concentration 
BTEX concentration was measured by headspace analysis coupled with a gas 
chromatograph equipped with a flame ionization detector. For the analysis, 1 mL of 
aqueous sample was initially filtered of cells using 0.45 µm PVDF syringe filter 
(Millipore Corporation, USA). The headspace vials were incubated in Turbomatrix 
HS40 (Perkin Elmer, USA) at 70C for 15 min and pressurized with the carrier gas for 
1 min followed by syringe injection at 110C into the vial. The gaseous phase was 
withdrawn for 0.2 min and redirected into the GC injector through a transfer line at 
120C. The gaseous sample analysis was performed on a 30 m capillary column (Elite-
5 column; Perkin Elmer, USA) in a Clarus 600 Gas Chromatography system (Perkin 
Elmer, USA). The GC oven was maintained at 100C for 1 min and ramped to 150C 
at 10C/min with helium as a carrier gas at 2 mL/min. The hydrogen flame was 
maintained in the FID with purified air and hydrogen at 450 mL/min and 45 mL/min 
respectively. The GC injector and detector were maintained at 200C and 250C. The 
retention time for benzene, toluene, ethyl benzene and o-xylene were 3.274, 3.977, 
4.882 and 5.263 min, respectively. 
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3.10 Intermediates analysis 
The intermediates produced during biodegradation were monitored by UV 
spectrum analysis. The intermediates were characterized by organic phase extraction 
coupled with GC-MS analysis. 
3.10.1 UV spectrum analysis 
Cell-free samples placed in 1 cm path length quartz cuvettes were scanned 
using a Shimadzu UV 1601 UV-Visible Spectrophotometer set at absorbance mode 
from 200 nm – 600 nm at a recovery range of 0.00 A – 1.00 A. 
3.10.2 Extraction of intermediates 
The cell culture (250 mL) was centrifuged at 8000 × g for 10 min. The 
supernatant (100 mL), further filtered using 0.45 µm PVDF syringe filter to remove 
any remaining cells, was extracted (1:1) with dichloromethane for 12 hr. The organic 
layer was recovered and dried over anhydrous sodium sulfate (99%; Merck KGaA, 
Germany). The organic solvent was removed by purging inert nitrogen gas. The 
residue was resuspended in 3 mL of dichloromethane and filtered for MS analysis.  
The mass spectra of the components in the resuspended mixture was analyzed 
using an HP 5890 Gas Chromatograph equipped with a HP 5973 mass selective 
detector (Agilent Technologies Inc, USA). The sample was separated on a capillary 
column (HP-5MS; Agilent Technologies Inc, USA) using the following conditions: 
Inlet, 250C; Detector, 280C; Oven, 40C for 2min, ramp 5C/min, 240C for 5min; 
Helium, 1mL/min. The component peaks were analyzed by comparing with spectra of 




3.11 Molecular biology tools for species differentiation 
3.11.1 Extraction of genomic DNA 
The genomic DNA of the cells grown in minimal medium was extracted using 
the Qiagen DNeasy Blood and Tissue kit (Qiagen GmbH, Germany) based on the 
protocol provided by the manufacturer. The genomic DNA was purified from 2 mL of 
the cell culture (unless otherwise stated) and RNase A (Qiagen GmbH, Germany) 
digestion step was included after cell lysis so as to avoid the co-purification of RNA. 
The genomic DNA selectively bound to the DNeasy membrane was eluted in 100 μL 
of elution buffer (unless otherwise stated) and stored at -20C for further analysis. 
3.11.2 DNA concentration 
The quality and quantity of genomic and plasmid DNA from the cell cultures 
and the purified PCR amplicons were determined using NanoDrop™ 1000 
Spectrophotometer (Thermoscientific, USA). The nucleic acid concentration was 
determined by measuring the absorbance at 260 nm. The correlation between 
absorbance (A260) and concentration (μg/mL) was obtained as: 
dsDNA = (A260 x 50) μg/mL 
ssDNA = (A260 x 33) μg/mL 
The quality of the purified DNA was assessed by the absorbance ratios, namely 
A260/A280 and A260/A230. This absorbance ratio is a measure of protein contamination 
while A260/A230 indicates the presence of contaminants in the sample. When the 
absorbance ratios were A260/A280   1.8 and A260/A230  2.0-2.2, the quality of the DNA 
was deemed to be satisfactory.  
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3.11.3 Polymerase chain reaction 
The marker regions identified using the bioinformatics tool was amplified 
using primers designed along the conserved regions in the genomic sequence of 
Pseudomonas putida F1. The PCR reaction mixture (50 μL) contained 0.25 μL 
GoTaq DNA Polymerase (5 U/μL – Promega, USA), 10 μL GoTaq Reaction 
Buffer (5 - Promega, USA), 1 μL dNTPs (10 mM each – Fermentas, USA), 1 μL  2 
Primers (100 μM- Sigma-Proligo, Singapore), 5 μL MgCl2 (25 mM – Promega, USA), 
1μL DNA (50 ng) and balance deionized water. DNA amplification was performed 
using Eppendorf ep gradient S Mastercycler (USA) at the following settings: 
denaturation for 3 min at 95C followed by 30 cycles of 0.5 min at 95C, 0.5 min at 
the annealing temperature, 1 min at 72C and finished with 7 min at 72C. The 
samples were held at 4C after the reaction. However, for amplification of small 
nucleotide sequences (100 bp), the PCR reaction (50 μL) contained 25 μL Immomix 
(Bioline, USA), 1 μL  2 Primers (100 μM- Sigma-Proligo, Singapore), 2 μL DNA (50 
ng) and the rest water with the cycler temperature program changed to 10 min of initial 
denaturation at 95C and the rest of the protocol the same as described above.  
3.11.4 Agarose gel electrophoresis 
The PCR amplification of the marker regions was verified by agarose gel 
electrophoresis. Horizontal agarose slab gels (0.8% or 2%) were cast based on the 
requirement using agarose (Molecular Biology grade, 1st Base, Singapore) and TAE 
buffer (Tris-acetate and EDTA, pH – 8). SYBR safe (Invitrogen, USA) was added (2 
μL for 100 mL agarose solution) to facilitate the visualization of the amplified 
products after electrophoresis. The gels were documented using Infinity capt software 
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with Infinity 3000 Gel Documentation system (Vilber Lourmat Deutschland GmbH, 
Germany). 
3.11.5 PCR product purification for sequencing 
The PCR products were purified using a PCR clean up – Gel Extraction - 
Nucleospin Extract II (Macherey-Nagel GmBH & Co, Germany) kit according to the 
manufacturer’s instructions.  
3.11.6 Nucleotide sequencing 
The sequencing of the purified amplicons was performed using Big Dye 
Terminator v3.1 Cycle sequencing kit. Cycle sequencing PCR was performed using 
each primer in 20μL reaction mixes in the Applied Biosystem 9800 Fast Thermal 
Cycler. The sequencing PCR products were purified by ethanol/sodium acetate 
precipitation method. The purified Big Dye products were sequenced using ABI 
Prism® 3100XL Genetic Analyzer (Applied Biosystems Inc, USA). 
3.11.7 TaqMan® based quantitative real-time PCR 
Quantitative real-time PCR was performed using ABI Prism 7000® sequence 
detection system (Applied Biosystems Inc, USA). The PCR reaction mixture (25 µL), 
containing 12.5 µL TaqMan® Universal PCR Master Mix (2) (Applied Biosystems 
Inc, USA), 900 nM each primer (Sigma-Proligo, Singapore), 250 nM TaqMan® probe 
(Applied Biosystems Inc, USA), 1 µL gDNA (upto 50 ng), all mixed in deionized 
water was prepared. 23 µL of the prepared PCR reaction mix was pipetted into 
MicroAmp® Optical 96-well reaction plate (Applied Biosystems Inc, USA). The real-
time PCR amplification program was set to the following conditions: 50C for 2 min, 
95C for 10 min followed by 40 cycles of denaturation at 95C for 0.25 min and 
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annealing or extension at 60C for 1 min. Sequence detection system software was 




4 DEVELOPMENT OF HEURISTICS TO CONCOCT P. 
PUTIDA F1 AND P. STUTZERI OX1 
4.1 Introduction 
4.1.1 Motivation 
BTEX biodegradation offers an immense range of environmentally friendly 
options for mineralization or transformation of the mono-aromatics into less harmful or 
non-hazardous compounds. Five metabolic routes namely TOD, TOL, TOM, TBU and 
TMO pathways have been characterized for aerobic removal of mono-aromatic 
hydrocarbons. However, a single pathway fails to biodegrade all the BTEX compounds 
to completion (Zylstra, 1994). Most of these enzyme pathways transformed at most 
only three or four compounds with cometabolic removal of other mono-aromatics. For 
an efficient BTEX biodegradation, a possible successful approach would be the use of 
a concoction of micro-organisms, containing members that are capable of biodegrading 
all the mono-aromatic hydrocarbons.  
4.1.2 Research objective 
The specific research objectives in this chapter are as follows: 
a) To establish guidelines or heuristic rules for mixing P. putida F1 and P. stutzeri 
OX1 based on their BTEX biodegrading capacities; and 
b) To formulate microbial consortia and demonstrate the exceptional advantages 
and characteristics offered by the mixed culture. 
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4.2 Research Approach 
The BTEX system was representatively made up of benzene, toluene, ethyl 
benzene and o-xylene. The choice of o-xylene among meta- and para- isomers is due 
to its recalcitrant nature. Further o-xylene is identified as the least frequently degraded 
compound and very few micro-organisms have been identified to biodegrade the 
ortho- isomer to completion. Though the solubility of the mono-aromatic compounds 
ranged between 150 mg/L – 1780 mg/L (Mitra and Roy, 2011), the effective solubility 
of BTEX in contaminated water sites is much lower, depending on its relative 
abundance in petroleum derivatives. Two bacterial strains namely P. putida F1 and P. 
stutzeri OX1 were chosen owing to their ability to biodegrade aromatic hydrocarbons. 
The former is a versatile environmental isolate and one of the most widely studied on 
various aspects such as physiology, enzymology and genetics (http://genome.jgi-
psf.org/psepu/psepu.home.html). While the latter was selected due to its ability to 
biodegrade o-xylene (Baggi et al., 1987) and to express different functions relevant for 
environmental contamination (Barbieri et al., 2001). The experimental approach to 
develop heuristics to mix the Pseudomonas species for BTEX biodegradation is 
illustrated in Figure 4-1.  
Mono-aromatic concentration for biodegradation experiments were chosen 
based on the relative solubility of the individual substrates in water 
(http://www.epa.gov/athens/learn2model/part-two/onsite/es.html). The substrate range 
for the two strains was first elucidated through single substrate biodegradation kinetics. 
A concentration range of 15 mg/L – 60 mg/L was used for pure culture – single 







Figure 4-1: Research approach to develop heuristics to mix bacteria for BTEX biodegradation 
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Dual substrate biodegradation studies were performed to examine the removal of non-
growth substrate in the presence of a growth substrate.  For this study, equal 
concentrations (50 mg/L each) of both the substrates were used. Biodegradation 
potential of each strain and their preference for individual mono-aromatics in a mixed 
substrate was investigated through quaternary substrate biodegradation experiments. 
Different concentrations (25 mg/L – 60 mg/L) of each aromatic compound were mixed 
so that the total BTEX concentration ranged from 140 mg/L to 220 mg/L (in 
increments of 20 mg/L).  
Based on the individual Pseudomonas strains’ biodegradation capabilities, the 
possibility of mixing the two bacteria for enhanced biodegradation was studied. It was 
hypothesized that a mixed culture of P. putida F1 and P. stutzeri OX1 would manifest 
better performance while degrading the BTEX mixture. A model effluent system 
(Benzene: 60 mg/L; Toluene: 40 mg/L; Ethyl benzene: 30 mg/L; o-Xylene: 20 mg/L) 
was used to test the above proposition through concoction of the two Pseudomonas 
species. The advantages offered by the mixed culture were analyzed against the 
biodegradation potential of the individual strains. All the experiments were done in 
triplicates and the error bars indicate the percentage error from the mean of triplicates 




4.3 Results and Discussions 
4.3.1 Biodegradation characteristics of P. putida F1 
a) Single substrate study 
It was found that P. putida F1 utilized benzene, toluene and ethyl benzene as 
sole source of carbon but failed to biodegrade o-xylene. Figures 4-2, 4-3 and 4-4 
illustrate the biodegradation of benzene, toluene and ethyl benzene by P. putida F1 at 
concentration range between 15 mg/L to 60 mg/L.  The biodegradation time of the 
mono-aromatics was observed to increase with increase in their initial concentrations. 
The specific growth rate of P. putida F1 in the pure substrate was determined from the 
semi-logarithmic plots of cell concentration versus incubation time. The dependency of 
specific growth rate on initial substrate concentration was demonstrated in Figure 4-5. 
The highest growth rate was observed for toluene followed by benzene and ethyl 
benzene for the concentrations tested. Figure 4-5 also facilitated the comprehension of 
inhibition effects due to the toxicity of aromatic hydrocarbons. Substrate inhibition 
effects were observed in the case of toluene and ethyl benzene for concentrations 
above 30 mg/L while negligible substrate toxicity was experienced by the cells at 
benzene concentrations less than 60 mg/L (Figure 4-5). Similar results have been 
reported by several research groups using different strains as summarized in Table 4-1. 
From the table it can be concluded that the critical concentrations above which 
substrate inhibition is significant are cell strain dependent. 
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Figure 4-2: Benzene biodegradation by P. putida F1 
 
Figure 4-3: Toluene biodegradation by P. putida F1 
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Figure 4-4: Ethyl benzene biodegradation by P. putida F1 
 
Figure 4-5: Effect of substrate concentration on specific growth rate of P. putida 









Ralstonia sp. PHS1 
Benzene > 90 mg/L 
Toluene > 40 mg/L 
o-xylene > 10 mg/L 
Lee et al., 2002 
P. putida F1 
Benzene > 60 mg/L 
Toluene > 30 mg/L 




Benzene > 300 mg/L 
Benzene > 200 mg/L 
Benzene > 400 mg/L 
Kim et al., 2005 
Planococcus sp. strain ZD22 Benzene > 80 mg/L Li et al., 2006 
P. putida MTCC 1194 
Benzene > 100 mg/L 
Toluene > 200 mg/L 
Mathur and Majumder, 2010
52 
 
From the pure substrate biodegradation, it was witnessed that complete 
disappearance of the biodegradable mono-aromatic compounds occurred before the 
peak of biomass density was reached (Figure 4-6, 4-7 and 4-8). This could be 
attributed to the use of metabolic intermediates of biodegradation for biomass 
production. The analysis of the intermediates (catechol) produced during the 
biodegradation of benzene, toluene and phenol by P. putida F1 supported this 
explanation that biomass growth was closely associated with the change in the 
intermediates rather than with the removal of the mono-aromatics (Yu et al., 2001). A 
similar behavior was also observed during mono-aromatic biodegradation by two 
Pseudomonas species (Chang et al., 1993) and Ralstonia sp. strain PHS1 (Lee and Lee, 
2001). 
b) Dual substrate study  
Dual substrate study was performed to understand the removal of the non-
growth substrate o-xylene in the presence of a growth substrate (benzene, toluene or 
ethyl benzene). Figure 4-9 shows the removal of o-xylene (45 mg/L) in the presence of 
ethyl benzene (45 mg/L). The degradation of o-xylene was incomplete and terminated 
upon complete biodegradation of the growth substrate (Figure 4-9).  
P. putida F1 follows the TOD pathway, which is initiated by dioxygenases to 
produce catechol and subsequently Krebs cycle intermediates through ring cleavage of 
catechol (Zylstra et al., 1988). Cometabolic removal of p-xylene by P. putida F1 in the 
presence of the growth substrates was observed with accumulation of a dead end 
metabolite, 3, 6-dimethyl catechol (Yu et al., 2001). Analogous metabolism was 
observed in a TOD strain, P. putida PPO1, which also supported the cometabolic 




Figure 4-6: P. putida F1 growth – benzene (50 mg/L) biodegradation 
 




Figure 4-8: P. putida F1 growth – ethyl benzene (60 mg/L) biodegradation 
 





The removal of o-xylene by P. putida F1 in the presence of the growth substrate could 
possibly be due to cometabolism. 
The cell growth of P. putida F1 and ethyl benzene removal in single and dual 
substrate systems were compared in Figures 4-10 and 4-11. The plots demonstrated 
significant decrease in cell growth rate, cell yield (Figure 4-10) and the biodegradation 
rate of ethyl benzene in the presence of o-xylene (Figure 4-11). The cometabolic 
removal of o-xylene was observed to inhibit ethyl benzene removal in the dual 
substrate system. The inhibitory effects could be attributed to the toxic effects of the 
initial substrate concentration (90 mg/L) and the intermediates such as catechol 
produced during concomitant biodegradation of ethyl benzene and cometabolism of o-
xylene. This observation could be supported by the inhibition effect of catechol 
witnessed during benzene biodegradation by P. putida F1 (Muñoz, et al., 2007a). 
Similarly, negative effects on the growth rate of Cladophialophora sp. was observed 
during the cometabolic removal of o-xylene (Prenafeta-Boldú et al., 2002). On the 
other hand, enhanced biodegradation of benzene by a mixed consortium has been 
experienced in the presence of o-xylene (Littlejohns et al., 2008). The positive effect 
was attributed to the synergistic interactions among the species in the consortium. 
56 
 
Figure 4-10: Growth of P. putida F1 in ethyl benzene (45 mg/L) and ethyl benzene 
(45 mg/L) with o-xylene (45 mg/L) 
 




c) Quaternary substrate study 
Quaternary substrate biodegradation studies were performed to investigate the 
biodegradation characteristics of P. putida F1 in the presence of all the four mono-
aromatic compounds (140 mg/L – 220 mg/L). Similar biodegradation patterns of the 
mono-aromatics were witnessed at the various BTEX compositions experimented. A 
set of representative mixed substrate biodegradation profiles is shown in Figure 4-12. 
The profiles revealed that P. putida F1 biodegraded its growth substrates (benzene, 
toluene and ethyl benzene) simultaneously with toluene being first degraded to 
completion followed by ethyl benzene and benzene. The cometabolic removal of o-
xylene was incomplete and commenced only when considerable amounts of the growth 
substrates had been biodegraded.  
The concurrent biodegradation of aromatic compounds is due to the non-
specificity of enzyme induction for biodegradation of similar substrates or 
convergence of catabolic pathways for the utilization of several substrates (Rogers and 
Reardon, 2000). The structural similarity among mono-aromatic compounds facilitated 
the induction of catabolic enzymes (dioxygenases) essential for biodegradation of one 
compound by another substrate, thereby exhibiting simultaneous biodegradation 
phenomenon. Even though concurrent utilization was observed, the biodegradation rate 
of each substrate was different and was influenced by the concentration of the 
individual aromatic compounds present. The biodegradation profiles of the three 
growth substrates benzene, toluene and ethyl benzene as pure substrate were compared 
with their removal kinetics in a quaternary substrate system in Figures 4-13, 4-14 and 







Figure 4-12: Mixed substrate biodegradation by P.  putida F1 a) 220 mg/L of 
BTEX and b) 200 mg/L of BTEX 
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Figure 4-13: Benzene (60 mg/L) biodegradation when present alone and with 
TEX by P. putida F1 
 
 Figure 4-14: Toluene (40 mg/L) biodegradation when present alone and with 
BEX by P. putida F1 
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Figure 4-15: Ethyl benzene (30 mg/L) biodegradation when present alone and 
with BTX by P. putida F1 
 
Figure 4-16: Cometabolic removal of o-xylene (60 mg/L) in the presence of 
growth substrates by P. putida F1  
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The biodegradation rates of benzene, toluene and ethyl benzene in the multi-
substrate system was significantly lower (20% - 60%) than their removal rates in the 
pure substrate system. On the other hand, the degradation rate of the non-growth 
substrate o-xylene was observed to remain unaffected irrespective of benzene, toluene 
and ethyl benzene concentrations (Figure 4-16). The decrease in the removal rates of 
the growth substrates suggests substrate toxicity and competitive inhibition due to 
mutual sharing of biodegradation pathway/enzymes (Bielefeldt and Stensel, 1999). 
Among the three growth substrates, biodegradation rate of toluene was affected the 
most followed by benzene and ethyl benzene during multi-substrate biodegradation by 
P. putida F1. Similar decrease in the biodegradation rates of mono-aromatic 
compounds have also been observed (Jung and Park, 2004; Otenio et al., 2005; Dou et 
al., 2008a; Lee and Cho, 2009; Mathur and Majumder, 2010) during mixed substrate 
biodegradation.  
4.3.2 Biodegradation characteristics of P. stutzeri OX1 
a) Single substrate study 
Among the BTEX compounds, o-xylene is the most recalcitrant compound and 
very few micro-organisms, such as P. stutzeri OX1 (Baggi et al., 1987), 
Corynebacterium strain C125 (Schraa et al., 1987), Rhodococcus strain B3 (Bickerdike 
et al., 1997), Ralstonia sp. strain PHS1 (Lee and Lee, 2001), Rhodococcus opacus R7 
(Di Gennaro et al., 2001), Rhodococcus sp. strain DK17 (Kim et al., 2002)  and 
Rhodococcus spp. (Taki et al., 2007), have been identified that can utilize o-xylene as 
growth substrate. In this research, the substrate range of P. stutzeri OX1 was first 
assessed through single substrate biodegradation studies. The strain biodegraded 
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benzene, toluene and o-xylene as sole source of carbon and failed to biodegrade ethyl 
benzene.  
The biodegradation profiles of the growth substrates by P. stutzeri OX1 are 
shown in Figures 4-17, 4-18 and 4-19. Unlike the biodegradation pattern observed for 
P. putida F1, the growth of P. stutzeri OX1 in the individual mono-aromatics was 
proportional to the substrate removal kinetics (Figures 4-20, 4-21 and 4-22). The 
specific growth rate of P. stutzeri OX1 in the growth substrates were determined from 
the cell growth profile. An evaluation of substrate dependency of the specific growth 
rate of the cells demonstrated negligible substrate toxicity on P. stutzeri OX1 over the 
concentrations tested (Figure 4-23). These observations are contrary to that reported 
for Ralstonia sp. PHS1 acting on o-xylene which exhibited delayed biomass growth 
with substrate biodegradation (dependency of cell growth on assimilation of 
metabolites) and significant substrate inhibitions over a concentration range of 120 
mg/L (Lee and Lee, 2001). 
b) Dual substrate study 
P. stutzeri OX1 was unable to utilize ethyl benzene as carbon source while it 
bio-transformed the non-growth substrate in the presence of the growth substrates 
(benzene, toluene or o-xylene). The removal of ethyl benzene in the presence of o-
xylene by P. stutzeri OX1 is demonstrated in Figure 4-24. It was found that ethyl 
benzene degradation was concurrent with o-xylene removal causing a dark coloration 
of the growth medium along the late exponential growth phase. UV spectrum analysis 
was performed for cell filtered samples taken from the single (o-xylene) and dual 
substrate (o-xylene and ethyl benzene) biodegradation systems.  
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Figure 4-17: Biodegradation of benzene by P. stutzeri OX1 
 
Figure 4-18: Biodegradation of toluene by P. stutzeri OX1 
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Figure 4-19: Biodegradation of o-xylene by P. stutzeri OX1 
 
Figure 4-20: P. stutzeri OX1 growth – benzene (50 mg/L) biodegradation 
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Figure 4-21: P. stutzeri OX1 growth – toluene (50 mg/L) biodegradation 
 




Figure 4-23: Substrate dependency of specific growth rate of P. stutzeri OX1 
(Error bars indicate standard deviation from mean of triplicates) 
 
Figure 4-24: Cometabolic removal of ethyl benzene in the presence of o-xylene by 
P. stutzeri OX1 
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When ethyl benzene was degraded in the presence of o-xylene, a progressive 
accumulation of a compound with absorption at 270 nm was observed although no 
such accumulation was witnessed during the biodegradation of o-xylene alone. Figures 
4-25 and 4-26 illustrate the progressive accumulation of an intermediate compound 
during the removal of the non-growth substrate ethyl benzene in the presence of o-
xylene. The metabolic intermediate that accumulated during the late exponential 
growth phase of P. stutzeri OX1 was identified as ethyl phenol through GC-MS 
analysis and subsequent comparison of the mass spectra with NIST library (Figure 4-
27).  
Biodegradation of o-xylene by P. stutzeri OX1 followed the ToMO pathway 
which is initiated by sequential introduction of two adjacent hydroxyl groups to form 
methyl phenol and then methyl catechol. The catechol is then cleaved at the extra-diol 
meta position to TCA intermediates through the formation of 2-hydroxy muconic 
semialdehyde (Barbieri et al., 2001; Barbieri et al., 2007). In the presence of o-xylene, 
the non-specific mono-oxygenase enzyme activity could have facilitated the initiation 
of the degradation of ethyl benzene to ethyl phenol. Hence, ethyl benzene was 
removed simultaneously with o-xylene. The subsequent enzymatic reactions to 
produce catechol and its conversion to canonical meta pathway intermediates were not 
supported by the strain thereby causing polymerization (dark brown color) of the 
intermediates.  
Similar to the cometabolic removal of o-xylene by P. putida F1, inhibitory 
effects were also observed during cometabolic removal of ethyl benzene by P. stutzeri 
OX1. Figure 4-28 compares the growth profiles of P. stutzeri OX1 in single (o-xylene) 
and dual substrate (o-xylene and ethyl benzene) system. Figure 4-29 displayed the 





Figure 4-25: Progressive accumulation of intermediates during removal of ethyl benzene in the presence of o-xylene by P. stutzeri OX1 






Figure 4-26: Progressive accumulation of intermediates during removal of ethyl benzene in the presence of o-xylene by P. stutzeri OX1 












Figure 4-28: Growth of P. stutzeri OX1 in o-xylene (alone and with ethyl benzene) 
 
Figure 4-29: Degradation of o-xylene when present alone and with ethyl benzene 
by P. stutzeri OX1 
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The plots (Figures 4-28 and 4-29) exhibited significant decrease in the cell growth rate, 
cell yield and biodegradation rate of growth substrate, o-xylene due to substrate 
inhibition and intermediates toxicity on P. stutzeri OX1. 
c) Quaternary substrate study 
Mixed substrate biodegradation experiments were performed using different 
concentration ranges of BTEX (140 mg/L – 220 mg/L). Representative quaternary 
substrate biodegradation profiles by P. stutzeri OX1 are shown in Figure 4-30. 
Simultaneous biodegradation of benzene, toluene, ethyl benzene and o-xylene by P. 
stutzeri OX1 was observed. The induction of mono-oxygenase responsible for ToMO 
pathway allowed concurrent biodegradation of the three growth substrates. Benzene 
was the first to be degraded to completion followed by toluene, o-xylene and ethyl 
benzene. Degradation of o-xylene and ethyl benzene commenced only when 
considerable amounts of benzene and toluene had been removed. Cometabolic removal 
of ethyl benzene caused a dark coloration of the medium during the late exponential 
growth phase.  
Biodegradation of the three growth substrates, benzene, toluene and o-xylene in 
pure and quaternary substrate system were compared in Figures 4-31, 4-32 and 4-33 
respectively. Figure 4-34 illustrates the cometabolic removal of ethyl benzene in 
quaternary substrate system. Individual substrate biodegradation rates of benzene 
(Figure 4-31) and toluene (Figure 4-32) were significantly inhibited in the multi-
substrate system. Similar to that observed during mixed substrate biodegradation by P. 
putida F1, this behavior was due to the high concentration of the aromatic compounds 






Figure 4-30: Mixed substrate biodegradation by P. stutzeri OX1 a) 220 mg/L of 
BTEX and b) 200 mg/L of BTEX 
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Figure 4-31: Benzene (50 mg/L) biodegradation when present alone and with 
TEX by P. stutzeri OX1 
 
Figure 4-32: Toluene (50 mg/L) biodegradation when present alone and with BEX 
by P. stutzeri OX1 
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Figure 4-33: o-Xylene (50 mg/L) biodegradation when present alone and with 
BTE by P. stutzeri OX1 
 
Figure 4-34: Cometabolic removal of ethyl benzene in BTEX by P. stutzeri OX1 
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Biodegradation of o-xylene was favored in the presence of other substrates with a 
substantial delay in the commencement of its biodegradation depending on the initial 
BTEX concentration (Figure 4-33). On the other hand, cometabolic removal rates of 
ethyl benzene was fairly constant among the multiple-substrate concentrations tested 
(Figure 4-34). 
4.3.3 Heuristics 
Based on pure and mixed substrate biodegradation studies, the biodegradation 
potential of the two Pseudomonas species are summarized in Table 4-2. P. putida F1 
exhibited a substrate range (benzene, toluene and ethyl benzene) typical of the TOD 
pathway while P. stutzeri OX1 biodegraded benzene, toluene and o-xylene following 
the ToMO pathway. It was observed that the mixed substrate biodegradation hierarchy 
followed by the two Pseudomonas species differed from that of the single substrate 
biodegradation.  The potential enhancement or inhibition effects caused by the 
concurrent presence of BTEX compounds had substantially modified the 
biodegradation pattern. Deeb and Alvarez-Cohen (1999) observed that a toluene 
enriched consortium degraded toluene faster than benzene, ethyl benzene or the 
xylenes when present individually. However, when the cells were exposed to aromatic 
mixtures, ethyl benzene was degraded first followed by toluene, benzene and the 
xylenes. Ethyl benzene was observed to be the potential inhibitor and its varied 
interaction with the other mono-aromatics in a multi-substrate system had caused a 
difference in the biodegradation pattern. Lee and Cho (2009) described that complex 
substrate interaction effects such as competitive inhibition, stimulation or 
cometabolism contributed significantly towards a difference in the biodegradation 
pattern during multi-substrate removal by Rhodococcus sp. EH831. 
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P. putida F1 offered the advantages of rapid biodegradation rate while P. 
stutzeri OX1 presented biodegradation capability for o-xylene. It can therefore be 
anticipated that through concoction of the two bacteria, benefits from each strain could 
be maximized with elimination of unfavorable biodegradation characteristics such as 
incomplete removal of o-xylene and the formation of dark polymerized products due to 
cometabolism of ethyl benzene. Based on the individual strain’s biodegradation 
characteristics, the possibilities of mixing the two species could be formulated through 
parameters such as substrate range, specific growth rate and the nature of the inoculum. 
a) Substrate range 
Substrate range of a species is an important factor while concocting a mixed 
culture. Strains with different substrate ranges when mixed together have been found 
to efficiently degrade recalcitrant compounds (Oh and Choi, 1997; Attaway and 
Schmidt, 2002; Krishnan and Saramma, 2005).  
In this research work, for an effluent system containing all the four aromatic 
compounds or for a combination of any of the mono-aromatics with o-xylene, an 
appropriate mixture of the two Pseudomonas strains would be beneficial. This is 
because the presence of o-xylene will require P. stutzeri OX1 for its biodegradation to 
completion. On the other hand, the combinations among benzene, toluene and ethyl 
benzene could be efficiently biodegraded by P. putida F1 alone. 
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Table 4-2: Summary of biodegradation characteristics of P. putida F1 and P. stutzeri OX1 
Parameter Pseudomonas putida F1 Pseudomonas  stutzeri OX1 
Substrate Range B, T and EB B, T and o-X 
Pathway TOD ToMO 
Single substrate biodegradation hierarchy T > B > EB T > o-X > B 
Specific growth rate (hr-1) 
  
Benzene 0.54 ± 0.03 0.24 ± 0.01 
Toluene 0.69 ± 0.04 0.28 ± 0.01 
Ethyl benzene 0.45 ± 0.03 - 
o-Xylene - 0.25 ± 0.01 
BTEX degradation pattern 
Concurrent removal of growth 
substrates followed by 
incomplete removal of o-xylene 
Simultaneous degradation of 
BTEX compounds with dark 
coloration of the medium 
Mixed substrate biodegradation hierarchy T > EB > B > o-X B > T > o-X > EB 
B – Benzene; T – Toluene; EB – Ethyl benzene; o-X – o-Xylene 
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b) Specific growth rate 
Specific growth rate is a measure of the affinity of the micro-organism for a 
substrate and is also indicative of the pollutant consumption rate. In a mixed 
consortium, considerable difference in specific growth rate of the members causes the 
fast degraders to outgrow the slow growing strains. Comparing the specific growth rate 
of both the strains, P. putida F1 is a fast degrader. The common growth substrate for 
both species being benzene and toluene, sharing of the compounds could be 
competitive and cause outcompeting of P. stutzeri OX1.  Hence, for a stable 
consortium during biodegradation, an optimum proportion of both the strains would be 
essential. 
c) Nature of inoculum 
The general objective of a good design of a microbial system is to minimize the 
length of the lag phase and maximize the rate and length of the exponential growth 
phase. The lag time depends on the changes in the nutrient composition, age and size 
of the inoculum. Active inoculum preferably pre-adapted to the substrates and a 
reasonably large inoculum will minimize the undue loss of intermediates or activators 
(Bailey and Ollis, 1986). Inoculum comprising of both the strains should also ensure 
that both the strains co-exist and grow exponentially in the culture medium to achieve 
enhanced biodegradation. 
4.3.4 Proof of concept 
A model effluent composition (Benzene: 60 mg/L; Toluene: 40 mg/L; Ethyl 
benzene: 30 mg/L; o-Xylene: 20 mg/L) was used to assess the performance of mixed 
culture towards biodegradation of mono-aromatic hydrocarbons. The experimental 
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design included concoction of several formulations of both the Pseudomonas species 
and monitoring of the biodegradation potential of the synthesized consortia. The co-
existence and growth of both the bacteria were ascertained by using control flasks 
containing pure culture (inoculated with the same inoculum density as that used for the 
mixed culture experiments). Several concoctions of both the strains were formulated 
and their BTEX biodegrading capacity (based on biodegradation time for each 
substrate to fall below 1 mg/L) was evaluated and summarized in Table 4-3.  
Three formulations (A, B, C) were constructed with constant population of P. 
stutzeri OX1 and increasing cell numbers of P. putida F1. The overall BTEX 
biodegradation by the three formulations is shown in Figure 4-35. The BTEX removal 
rate calculated from the biodegradation profiles was found to be similar (10 mg/L-hr) 
for the three concoctions. However, from Table 4-3, the biodegradation time for the 
individual substrates was observed to decrease significantly by 20% - 35%. This 
decline in the substrate biodegradation time can be attributed to the initiation of 
substrate removal by the formulation C within the first hour. The growth profiles of the 
two Pseudomonas species in the control flasks corresponding to the cocktails A, B and 
C is illustrated in Figure 4-36. It was found that P. putida F1 exhibited decrease in lag 
time on doubling the initial inoculum size.  
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Table 4-3: Performance of mixed culture 
Formulations 
Mixed culture composition (cfu) Inoculum 
Ratio 
Biodegradation time (hr) 
PpF1 PsOX1 Total Benzene Toluene Ethyl benzene o-Xylene
A 1.17  109 9.91  107 1.27  109 12:1 14 12 14 20 
B 2.35  109 9.91  107 2.50  109 24:1 12 10 10 18 
C 5.25  109 9.70  107 5.35  109 54:1 11 9 9 15 
D 4.66  109 1.25  108 4.78  109 40:1 11 10 10 13 




Figure 4-35: Comparison of BTEX biodegradation by consortium A, B and C 
 
Figure 4-36: Comparison of growth of P. putida F1 and P. stutzeri OX1 in control 
flasks (Formulations A, B and C) 
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The increased population of P. putida F1 in the concoction C could have 
exhibited shorter lag time which concomitantly facilitated the initiation of BTEX 
biodegradation within the first hour. It was also expected that in a mixed culture, 
(concoction C) the quick initiation and subsequent rapid biodegradation of the mono-
aromatics by P. putida F1 attenuated the substrate inhibition on P. stutzeri OX1 
causing o-xylene biodegradation to completion earlier than the other formulations A 
and B. The enhanced biodegradation capacity of the formulation C can therefore be 
attributed to the dependency of the lag time of P. putida F1 on the initial inoculum size.  
 Two formulations (D and E) consisting of constant population of P. putida F1 
and increasing cell numbers of P. stutzeri OX1 were concocted. The overall BTEX 
biodegradation by the formulations C, D and E are shown in Figure 4-37. The 
biodegradation capacity of the consortium D was comparable to C in terms of BTEX 
removal rate (Figure 4-37) and biodegradation time of benzene, toluene and ethyl 
benzene (Table 4-3). An increase in the cell number of P. stutzeri OX1 (by 29%) in the 
consortia D caused a substantial decrease in the biodegradation time (13%) of the 
recalcitrant compound o-xylene. Further, for a threefold increase in P. stutzeri OX1 in 
concoction E, the overall BTEX removal showed a dramatic increase by 2.5 times (24 
mg/L-hr) when compared with the performance of the cocktails C, D and E (Figure 4-
37). The enhanced performance of the cocktail E can be attributed to the increase in 
the population of P. stutzeri OX1. Figure 4-38 which illustrates the growth profile of P. 
stutzeri OX1 in the control flask corresponding to concoction C, D and E revealed the 




Figure 4-37: Comparison of BTEX biodegradation by consortium C, D and E 
 
Figure 4-38: Comparison of growth profile of P. stutzeri OX1 in control flasks 
corresponding to formulations C, D and E 
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Hence in the concoction E, P. stutzeri OX1 exhibiting minimum lag time could have 
contributed towards the biodegradation of benzene and toluene along with P. putida F1 
in addition to its contribution towards the biodegradation of its growth substrate, o-
xylene. It is noteworthy that the hypotheses discussed on the contribution of the strains 
towards BTEX removal could be evaluated through population dynamics studies.  
The total inoculum size of the formulations C, D and E (Table 4-3) differed 
only by ± 6%. But the substrate biodegradation time was significantly influenced by 
the relative composition of the Pseudomonas species in the consortia. Similarly the 
performance of the two consortia A and E comprising of comparable proportions of the 
two Pseudomonas species were significantly different due to the difference in the total 
inoculum density.  From the comparison of the performance of the concoctions, it can 
therefore be surmised that rapid and efficient batch biodegradation of BTEX 
compounds depended on the total inoculum size which affected the lag time and total 
biodegradation time and relative proportion of each species which affected the 
biodegradation time of o-xylene. Further an optimum ratio of the members of the 
consortia can be achieved through the analysis of dependency of the lag time on the 
initial inoculum density. 
The biodegradation of the model BTEX system by the consortia E is shown in 
Figure 4-39. The synthesized consortia facilitated simultaneous biodegradation of 
toluene, ethyl benzene, benzene and o-xylene without any dark coloration of the 
growth medium. Biodegradation of the most recalcitrant compound, o-xylene, 














Complete biodegradation of o-xylene was due to mutual contribution of P. 
putida F1 (rapid biodegradation of benzene, toluene and ethyl benzene – TOD pathway) 
and P. stutzeri OX1 (ToMO pathway). The absence of the dark coloration of the 
growth medium during the late exponential growth phase confirmed the utilization of 
ethyl benzene by P. putida F1. More significantly, the concoction of bacteria following 
different metabolic pathways enabled the manifestation of the benefits offered by the 
individual strains with concomitant elimination of undesirable cometabolism in the 
model BTEX system. 
Oh and Bartha (1997) has also described a similar construction of a two 
member consortium with complementary metabolic activities. Pseudomonas putida 
PPO1 and Pseudomonas putida ATCC 33015 used followed the TOD pathway 
consuming toluene and benzene, and TOL pathway degrading toluene and p-xylene, 
respectively. Coupled metabolic capability of the two strains enabled a complete 
degradation of benzene, toluene and p-xylene. Similar enhanced biodegradation 
efficiency was also achieved by Attaway and Schmidt (2002) using a co-culture of two 
Pseudomonas isolates (TX1 and BTE1) which followed different metabolic pathways. 
The co-culture degraded benzene, toluene, ethyl benzene, m-xylene and p-xylene with 
cometabolic removal of o-xylene. 
Oh and Choi (1997) formulated three different microbial consortia using strains 
isolated from industrial wastewaters to evaluate BTX biodegradation. Assessment of 
biodegradation capacity of the constructed consortium revealed that the mixed culture 
containing three different metabolic pathways was the best combination. The substrate 
removal pattern of the most recalcitrant compound, o-xylene, commenced only after 
most of the other mono-aromatics had been degraded. Likewise, our co-culture of P. 
putida F1 and P. stutzeri OX1 exhibited a similar o-xylene biodegradation pattern 
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(Figure 4-39). Deeb and Alvarez-Cohen (2000) compared BTEX mineralization 
potentials of a mixed consortium with that of two Rhodococcus strains isolated from 
the same consortium. The two isolates followed the TOD pathway and failed to 
mineralize the xylene isomers. Biodegradation potential of mixed consortium was 
found to be better than the strains isolated from the same consortium.  
Two formulations of microbial culture for bioremediation of hydrocarbon 
contaminated soil were prepared using different bacteria with varying substrate ranges 
(Ghazali, et al., 2004). As anticipated, the mixed consortium exhibited better 
biodegradation capacity than the individual species; the consortium with more number 
of member strains was found to be more efficient in removing medium and long chain 
alkanes in diesel and engine oil contaminated soil. Several combinations of three 
isolates, Acinetobacter faecalis WD2, Staphylococcus. sp DD3 and Neisseria elongate 
TDA4, from refinery wastes were assessed for their biodegradation capabilities of 
crude petroleum-oil contaminated water (Mukred et al., 2008). Among the four 
formulations, the consortia which comprised all the bacteria exhibited effective 
biodegradation potential when compared to the individual isolates and other co-
cultures. Enhanced biodegradation capability of consortia which comprised higher 
number of member micro-organisms could be attributed to the synergistic interactions 
among the strains to produce an effective metabolic pathway to biodegrade the 
contaminants.  
4.4 Conclusions 
Pure substrate and mixed substrate studies conducted to elucidate the 
biodegradation capacities of P. putida F1 and P. stutzeri OX1 showed that their 
biodegradation capabilities complemented each other. P. putida F1 utilized benzene, 
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toluene and ethyl benzene as sole sources of carbon and degraded o-xylene in the 
presence of the growth substrates through cometabolism. P. stutzeri OX1 biodegraded 
benzene, toluene and o-xylene and cometabolized ethyl benzene in the presence of 
growth substrates. Based on the biodegradation characteristics of the pure cultures, 
parameters such as substrate range of the species, specific growth rate and nature of 
inoculum were chosen to formulate a set of guidelines for mixing the two species. 
Cocktails of the two species were formulated for a model effluent composition and 
their performances were evaluated. The mixed culture–mixed substrate study revealed 
that the initial inoculum size and the relative composition of the species in the 
formulated microcosms contributed significantly towards efficient and faster removal 
of the BTEX compounds. The mixed culture studies also proved that the concoction of 
BTEX degraders following different metabolic pathways facilitated an effective 
metabolic route for enhanced biodegradation of the mono-aromatic compounds. 
Further studies on the population dynamics of the mixed culture during biodegradation 
will shed light on the substrate and microbial interactions and the contribution of the 
individual species towards the biodegradation of each mono-aromatic hydrocarbon in 




5 MICROBIAL POTENTIAL CHARACTERIZATION OF 
P. PUTIDA F1 AND P. STUTZERI OX1 
5.1 Introduction 
5.1.1 Motivation 
A co-culture of P. putida F1 and P. stutzeri OX1 was found to enhance BTEX 
biodegradation. Microbial characterization of such propitious mixed culture will 
provide an insight into the significance of individual species, their interaction and the 
underlying mechanisms of community dynamics. Microbial characterization 
techniques are broadly classified based on microbiological, biochemical and molecular 
biological approaches (Spiegelman et al., 2005).  
Microbiological methods include conventional culture based techniques like 
cell counting (Broadaway et al., 2003; Lisle et al., 2004; Soto et al., 2005) and 
community-level physiological profiling (Gamo and Shoji, 1999; Merwe et al., 2003). 
These methods rely on the selective growth of the micro-organisms and suffer from 
qualitative and quantitative disparities (Coskuner, 2002). Biochemical methods 
characterize mixed cultures either by investigating community DNA (Lee and 
Fuhrman, 1990) or biomolecules such as quinone or fatty acids produced in the system 
(Fang et al., 2001; Hu et al., 2001; Werker et al., 2003). Consequently, these methods 
are limited by generating a profile characteristic of the microbial community and 
generally used for comparative analysis of samples. Both the microbiological and 
biochemical techniques do not provide adequate information on the members of the 
consortia and require the aid of a robust method for a more comprehensive analysis. 
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Molecular biology based methods, unlike the other techniques, characterize the 
microbial community without any external biases. These methods analyze the 
microbial community based on specific DNA sequences favoring the characterization 
of the unknown consortia and/or quantitative analysis for elucidating community 
dynamics. The most commonly used methods include denaturing gradient gel 
electrophoresis (DGGE) (Nakatsu, 2007; Díaz-Ramírez et al., 2008), randomly 
amplified polymorphic DNA (RAPD) (Erlandson and Batt, 1997; Franklin et al., 1999) 
for qualitative characterization and quantitative real-time PCR analyses (Watanabe et 
al., 1998; Smits et al., 2004; Grattepanche et al., 2005; Winderl et al., 2008; Maruo et 
al., 2006), Fluorescent In situ Hybridization (FISH) (Rogers et al., 2000; Lee et al., 
2002; Wilen et al., 2008) and terminal restriction fragment length polymorphism (t-
RFLP) (Osborn et al., 2000; Yu et al., 2005; Schmidt et al., 2007; Thies, 2007) for 
quantitative analysis.  
Hitherto, molecular biology methods had focused mainly on the analysis of 16S 
rRNA gene sequences of community DNA. This may be attributed to the fact that 
rRNA genes serve as a phylogenetic marker and assist in discerning evolutionary 
relationships for taxonomic identification of the microbial consortia (Oslen et al., 
1986). However potential pitfalls have been studied on the use of 16S rRNA as a target 
for organism identification (Fox et al., 1992; Forney et al., 2004). For example, 
quantitative assays are complicated due to the presence of multiple variable copy 
number of the 16S rRNA genes per genome and also the presence of alternating 
variable and conserved regions, which facilitate the formation of chimeric PCR 
products (Wang and Wang, 1997). Attempts have also been made using alternative 
gene sequences such as DNA gyrase B protein (gyrB) (Watanabe et al., 1998), benzyl 
succinate synthase (bssA) (Winderl et al., 2008), 5s rRNA (Stoner et al., 1996), 
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adenosine 5-phosphosulfate reductase (apsA) (Hiibel et al., 2008) and chaperonin 
protein (cpn60) (Brousseau et al., 2001) genes. Unlike the 16S rRNA genes, the 
protein encoding genes are highly reliable for discriminating between species or even 
strains within a species (Hill et al., 2004). Conversely, databases of such universal 
protein encoding gene sequences (5s rRNA, gyrB, cpn60) are limited and are at 
progressive stages (Watanabe et al., 2001; Canonone et al., 2002; Szymanski et al., 
2002; Hill et al., 2004). This chapter therefore describes a whole-genome approach for 
identifying marker sequences to differentiate and quantify the two Pseudomonas 
species. 
5.1.2 Research objective 
The specific objectives of the research work described in this chapter are as 
follows: 
a) To identify a biomarker nucleotide sequence to differentiate P. putida F1 and P. 
stutzeri OX1 in a mixed culture; and 
b) To develop a methodology to quantify the two Pseudomonas species in a 
microbial consortium 
5.2 Research approach  
The experimental approach to develop a methodology to differentiate and 
quantify P. putida F1 and P. stutzeri OX1 in a mixed culture is illustrated in Figures 5-
1 and 5-2. Bioinformatics and molecular biology tools were used to explore the 
objective of characterizing the microbial potential of the two Pseudomonas species in a 
















Figure 5-2: Quantitative real-time PCR method for quantifying mixed cultures
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EnSePT, an in house developed bioinformatics tool (http://smbl.nus.edu.sg/MMDT/), 
was used to compare the whole genome of the two species and capture genomic 
regions with higher density of Single Nucleotide Polymorphism (SNP), mismatches 
and Insertion and Deletion (INDEL) polymorphism. A polymorphism rich region 
identified by the tool was chosen as a marker sequence to differentiate and quantify 
using subsequent molecular biology tools.  
Among the species specific enumeration methods mentioned earlier, quantitative 
real-time PCR was opted due to its higher sensitivity towards qualitative and 
quantitative approaches. Quantification of the cells in a mixed culture (Figure 5-2) was 
achieved by developing two standard curves namely genomic DNA versus cell number 
and threshold cycle number versus genomic DNA for each individual species. Cell 
mixtures with unknown proportion of two Pseudomonas species were analyzed by 
performing quantitative real-time PCR using the genomic DNA (gDNA) purified from 
the mixed community and the standard curves developed. All the experiments were 
done in triplicates and the error bars indicate the percentage error from the mean of 
triplicates (unless otherwise stated). 
5.3 Results and Discussions 
5.3.1 Identification of marker sequence 
EnSePT is an in-house software pipeline which provides an automated 
interface between genome databases and analysis using MUMmer algorithm (Delcher 
et al., 2002). For this research, EnSePT was used to locate marker sequences to 
distinguish P. putida F1 and P. stutzeri OX1. Due to the non-availability of the 
complete genome of P. stutzeri OX1, the genome of P. stutzeri A1501 (GenBank 
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accession number: CP000304) was compared with that of P. putida F1 (GenBank 
accession number: CP000712). A polymorphic region rich in INDELs was chosen and 
aligned with the available genomes of other Pseudomonas species. Conserved regions 
flanking the INDEL polymorphism were used to design primers (Gene Runner 
software v3.05) along the biomarker sequence. Designed primers increased the 
chances of amplifying corresponding INDEL polymorphic region (IPR) from the 
genome of P. stutzeri OX1 by PCR, due to the lack of reference sequence for the strain. 
Gradient PCR was performed with the genomic DNA of individual bacteria, to 
optimize the PCR conditions for unique amplicon. An annealing temperature range of 
55C – 65C (minimum Tm of primer ± 5C) was chosen for the gradient PCR and the 
amplified products were run on 0.8% agarose gel stained with SYBER safe. Primer 
combinations used for the PCR of genomic DNA from individual species were 
PpPsF/PpPsR, PsF/PsR, PpPsF/PsR and PsF/PpPsR. All the primer combinations 
showed specific amplification for gDNA for P. putida F1, while the primer set 
PpPsF/PsR showed better amplification for P. stutzeri OX1. Figure 5-3 shows the 
gradient PCR products obtained by amplification of gDNA of both the Pseudomonas 
species using the primers PpPsF/PsR. It was found that the INDEL polymorphic region 
(IPR) of P. putida F1 could be specifically amplified independent of the annealing 
temperature range 55C – 65C, while the specificity of amplification of P. stutzeri 
OX1 only improved with increasing annealing temperature.  
Sequencing of the unique INDEL polymorphic amplicons from each species 
was performed to confirm the amplification of P. putida F1 sequence obtained from 
EnSePT and also to discern the nucleotide information of the corresponding sequence 








Figure 5-3: Gradient PCR with gDNA from P. putida F1 and P. stutzeri OX1 using 
primers PpPsF/PsR 
Lanes 1 and 16 – 1 Kbp DNA Ladder 
Lanes 2 – 8 – gDNA of P. putida F1 at different annealing temperatures 
Lanes 9 – 15 – gDNA of P. stutzeri OX1 at different annealing temperatures 
Lanes 2 and 9 – 55.2C ; Lanes 3 and 10 – 56.7C; Lanes 4 and 11 – 59.1C; Lanes 
5 and 12 – 60.4C; Lanes 6 and 13 – 61.7C; Lanes 7 and 14 – 63.9C; Lanes 8 
and 15 – 64.9C 
  










The unique amplicons (500bp) obtained at annealing temperature of 64.9C for 
individual strains was extracted and purified from the gel. Cycle sequencing PCR was 
performed using the forward and reverse primers individually for both the species to 
capture the initial base pairs which were generally lost during the sequencing. 
The sequence from both the forward and reverse primers complemented each 
other as anticipated. The sequence information obtained for P. putida F1 also matched 
with the template sequence of IPR. The search of IPR sequence with other 
Pseudomonas genomes using BLAST analysis revealed a partial sequence (CP000712: 
88038bp – 88525bp) which featured for TrkA – N domain protein (CP000712: 
86814bp – 88187bp) and sun protein (CP000712: 88211bp – 89521bp). The Clustal 
alignment of the analyzed sequence P. stutzeri OX1 and P. putida F1 are shown in 
Figure 5-4. The alignment exhibited a significant SNP over an 114bp length (184bp – 
298bp) of the product with an SNP density of 21%. This region served as a marker 
sequence to differentiate the two Pseudomonas species using quantitative real-time 
PCR. 
5.3.2 Species-specific primer and probe design 
Taqman® approach has been used extensively in human genetic polymorphic 
studies and has been strongly validated in many cases of allelic discrimination assays 
(Livak, 1999; McGuigan and Ralston, 2002; Van Ert et al., 2007). This is due to the 
highly specific fluorescent probes which also suits differentiation of the two 
Pseudomonas species based on SNPs. Species-specific primers (PpF1F/PpF1R and 
PsOX1F/PsOX1R) and TaqMan® MGB probes (Pp-Vic and Ps-FAM) were designed 




Figure 5-4: Alignment of marker sequence of P. putida F1 and P. stutzeri OX1 








PpF1    ACCAGCATGTCGGCGTCGTCGGCACCGGCCTGACGCAGCACCGTCGGCAGTGAGCCGCGG 88038 
PsOX1   ACCAGCATGTCGGCGTCGTCGGCGCCGGCCTGGCGCAAGACCGTCGGCAA-GGACCGCGG 59 
        *********************** ******** ****  **********  *  ****** 
 
PpF1    CCCTGGACGGTGCGGATGTCCAGGCGGTCGCCAAGGTCGCGCAGGCGGTCGCCGTCGGTG 88098 
PsOX1   CCTTGTACCGTACGAATGTCGAGGCGGTCACCGAGGTCGCGCAGGCGTTCGCCGTCGGTG 119 
        ** ** ** ** ** ***** ******** ** ************** ************ 
 
PpF1    TCGACCACGGTAATGTCGTTGGCTTCGCTGGCCAGGTGTTCAGCCAGCGTACCGCCTACC 88158 
PsOX1   TCGACCACGGTGATGTCGTTGGCTTCGCTGGCCAAGTGTTCCGCCAGCGAACCGCCAACC 179 
        *********** ********************** ****** ******* ****** *** 
 
PpF1    TGCCCTGCGCCGAGGATGATGATCTTCATGCGCTACTCCCTATCCT-TTGTTCTTATCCG 88217 
PsOX1   TGCCCTGCACCCAGGATGATGATTTTCATCCATTCACTCCTATCGAATCGGTTTTAACCG 239 
        ******** ** *********** ***** *  *    ******   * * * *** *** 
 
PpF1    CGCGAGGCGGCGATCTTGATCAGCTTGGCATAGTAGAAACCGTCGTGACCGCCTTCCTGG 88277 
PsOX1   CGTGCGGCGGCGATTTTGATCAGCTTGGCGTAATAGAACCCATCGTGCCCGCCTTCCTGG 299 
        ** * ********* ************** ** ***** ** ***** ************ 
 
PpF1    GCCAGCAGCTGACGGCCGTGGGGCTGGCGCAGGCCGGCTTCGGTCGCCAGGTCCAGCTCA 88337 
PsOX1   GCCAACAACTGCCGGCCATGGGGCTGCTTGAGGCCGGCCTGGGTGGCGATGTCCAGCTCC 359 
        **** ** *** ***** ********    ******** * *** ** * *********  
 
PpF1    CGGGCGCCCGGGGTGCGGGCGAGGAAGGCTTTGATCACTTCAGTGTTTTCGGTCGGCAAG 88397 
PsOX1   CGGGCGCCCGGGGTGCGGGCGAGGAACGCTTCGATCACTTCGGTGTTTTCCGTCGGCAAG 419 
        ************************** **** ********* ******** ********* 
 
PpF1    CTGGAGCAGGTGGCGTATAGCAGCATGCCGCCCACTTCCAAGGTCGGCCACAGGGCATCG 88457 
PsOX1   GTCGAGCAGGTGGCGTAGAGCAGCATGCCGCCTACGTCCAGGGTCGACCACATGGCATCG 479 
        * ************** ************** ** **** ***** ***** ******* 
 
PpF1    AGCAGCTCGCCTTGCAGCGTGGCCAAAGCCGGGATGTCGTCGGCTTGGCGGGTCAG---- 88513 
PsOX1   AGCAGTTCGCCTTGCAACACGGCCAATGCGGCGATGTCGTCCGGCTGGCGGGTCAGTTGG 539 
        ***** ********** *  ****** ** * ********* *  ***********     
 
PpF1    ------CTTGATGTCCGG 88525 
PsOX1   GGTCAGCTTGATGTCCGG 557 
                 ************ 
100 
 
The probes for P. putida F1 and P. stutzeri OX1 labeled with FAM and VIC dyes, 
respectively, allowed the monitoring of the amplification of the two distinct sequences 
in a single reaction tube (duplex reaction). The specificity of the primers and probes 
designed were evaluated through PCR and quantitative real-time PCR. 
a) Primer specificity test 
The specificity of the primers was tested by performing gradient PCR (55C – 
65C) for the different combination of gDNA and the primer sets as shown in Table 5-
1. Figure 5-5 shows the PCR amplicons obtained from gradient PCR of specific 
combinations of gDNA and primers. The PCR amplicons confirmed that only the 
species specific combinations yielded unique amplicons. The non-specific 
combinations produced no PCR product irrespective of the annealing temperature. 
 
Table 5-1: Primer combinations with gDNA for primer specificity test 
Genomic DNA Primer Combination 
P. putida F1 PpF1F/PpF1R Specific 
 PsOX1F/PsOX1R Non-specific 
P. stutzeri OX1 PpF1F/PpF1R Specific 






Figure 5-5: Gradient PCR with DNA from P. putida F1 and P. stutzeri OX1 using 
primer sets PpF1F/PpF1R and PsOX1F/PsOX1R 
Lanes 1 – 7: gDNA of P.putida F1 with PpF1F/PpF1R at different annealing 
temperatures 
Lanes 9 – 15 – g DNA of P.stutzeri OX1 with PsOX1F/PsOX1R at different 
annealing temperatures  
Lanes 1 and 9 – 55.2C ; Lanes 2 and 10 – 56.7C; Lanes 3 and 11 – 59.1C; Lanes 
4 and 12 – 60.4C; Lanes 5 and 13 – 61.7C; Lanes 6 and 14 – 63.9C; Lanes 7 
and 15 – 64.9C; Lane 8 – HyperLadder II 
  








b) Probe specificity test 
Quantitative real-time PCR was performed for combinations of genomic DNA, 
primers and probes as shown in Table 5-2 to test the specificity of the probes. 
Fluorescent signal intensity obtained for each permutation was plotted against cycle 
number in Figure 5-6. Significant detection was observed only for the “species specific 
primer and probe” combinations (PpPp1 and PsPs2). Though the combinations PpPp2 
and PsPs1 were primer specific and facilitated the amplification, no fluorescence was 
detected. It can be inferred that the probes Pp-FAM and Ps-VIC designed specifically 
hybridizes to genomic sequence of P. putida F1 and P. stutzeri OX1 respectively. 
5.3.3 Quantification of two Pseudomonas species 
The quantification of the two species in a mixed culture was achieved by 
developing correlations between genomic DNA versus cell numbers (genomic DNA 
purification) and  threshold cycle number versus genomic DNA quantity (quantitative 
real-time PCR). Several limiting factors such as effects of cell growth phases on DNA 
content, genomic DNA purification efficiency, and choice of simplex or duplex 
reaction for real-time PCR were considered while developing the quantification 
method. 
a) Genomic DNA versus cell number 
A consistent yield of genomic DNA during the purification step is important 
for the development of the method based on correlating genomic DNA with cell 
numbers. A faithful replication of DNA and consistent DNA purification technique is 




Table 5-2: Primer and probe combinations with genomic DNA for probe 
specificity test by quantitative real-time PCR 
Genomic DNA Designation Primer Probe Combination
P. putida F1 
PpPp1 PpF1F/PpF1R Pp-Fam Specific 
PpPp2 PpF1F/PpF1R Ps-Vic Non-specific 
PpPs1 PsOX1F/PsOX1R Pp-Fam Non-specific 
PpPs2 PsOX1F/PsOX1R Ps-Vic Non-specific 
P. stutzeri OX1 
PsPp1 PpF1F/PpF1R Pp-Fam Non-specific 
PsPp2 PpF1F/PpF1R Ps-Vic Non-specific 
PsPs1 PsOX1F/PsOX1R Pp-Fam Non-specific 
PsPs2 PsOX1F/PsOX1R Ps-Vic Specific 
No Template 
NTC-Pp1 PpF1F/PpF1R Pp-Fam Non-specific 
NTC-Pp2 PpF1F/PpF1R Ps-Vic Non-specific 
NTC-Ps1 PsOX1F/PsOX1R Pp-Fam Non-specific 




















Cell growth conditions including substrate type and concentrations and 
physiological state of the cells, like growing or existing under limited growth 
conditions or cells harvested at the stationary phase might influence the DNA content 
per cell. This behavior had been reported by several researchers (Åkerlund et al., 1995; 
Hjort and Bernander, 1999; Müller and Babel, 2003) highlighting that cells could have 
high chromosome content under some of the above mentioned growth conditions 
possibly due to the deviation of the cells from the balanced growth condition. This 
phenomenon could have a major setback in quantification assays like real-time PCR 
which is primarily based on DNA. 
To ascertain these, the cells were individually grown in different concentrations 
of carbon sources and gDNA was purified from cell samples at different time intervals 
along the cell growth phase. Pseudomonas putida F1 was separately grown in 160 
mg/L, 240 mg/L and 120 mg/L of BTEX (Figure 5-7a) while Pseudomonas stutzeri 
OX1 was separately grown in 40 ppm benzene, 40 ppm toluene, 40 ppm o-xylene and 
40 ppm BTX (Figure 5-8a). The DNA content per cfu was determined and plotted 
against the corresponding culture time of the cells in Figures 5-7b and 5-8b. It was 
found that the DNA content was independent of the substrate concentration used 
during the exponential growth phase and remained fairly constant at 2.38 ± 0.18 fg/cfu 
for Pseudomonas putida F1 (Figure 5-7b) and 620.83 ± 23.69 fg/cfu for Pseudomonas 
stutzeri OX1 (Figure 5-8b). However, for cells taken from the stationary phase, the 







Figure 5-7: Effect of cell growth conditions on gDNA content of P. putida F1 a) 
Cell growth profile and b) Change in gDNA content of P. putida F1 BTEX-1 – 160 
mg/L; BTEX-2 – 240 mg/L; BTEX-3 – 120 mg/L (Error bar indicates standard 





Figure 5-8: Effect of cell growth conditions on gDNA content of P. stutzeri OX1 a) 
Cell growth profile and b) Change in gDNA content of P. stutzeri OX1 (Error bar 




Commercially available kits offer the advantage of a standardized, fast and yet 
reliable purification protocols with minimal contaminants suiting most of the end uses 
like PCR amplification and others. For highly reproducible and consistent results, 
Qiagen DNeasy blood and tissue kit was used throughout the analysis. The kit allowed 
gDNA purification through the selective binding onto an adsorption column, 
eliminating co-purification of contaminants. The only limiting factor for a consistent 
DNA yield using the kit was the loading of the spin column with the cell lysate. The 
following experimental design was adopted to determine the limiting initial cell 
number for a linear and consistent DNA yield. 
Cell cultures were grown individually in minimal medium using toluene and o-
xylene as growth substrates for P. putida F1 and P. stutzeri OX1 respectively. The 
grown cells were harvested along the late exponential growth phase and diluted to 
different concentrations from 0.05 – 0.5 AU (OD600nm). The genomic DNA yield was 
plotted as a function of the starting number of cells used for purification in Figures 5-9 
and 5-10. It was observed that the gDNA yield was linear and beyond a specific cell 
number, the yield was inconsistent. The yield of gDNA was linear with cell numbers 
(R2>0.99) within the range 2  108 cfu - 1.7 × 109 cfu for P. putida F1 (Figure 5-9b) 
and 1.7 × 105 - 8 × 106 cfu for P. stutzeri OX1 (Figure 5-10b). The inconsistency of 
gDNA yield among the replicates (error bars) indicated that the initial cell number 
used for purification exceeded the spin column loading limit. The gradient obtained in 
the correlation between genomic DNA yields versus cell number was also found to be 







Figure 5-9: Effect of initial cell numbers on gDNA yield for P. putida F1 (Error 





Figure 5-10: Effect of initial cell numbers on gDNA yield for P. stutzeri OX1 
(Error bar indicates standard deviation from mean of 6 replicates) 
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b) Threshold cycle number versus genomic DNA 
Standard quantification method was adopted to correlate the amount of 
genomic DNA with threshold cycle number (Ct) using TaqMan® based quantitative 
real-time PCR. PCR reaction can be performed either by individually analyzing DNA 
samples for each species in two reaction tubes (simplex reaction) or by simultaneous 
analysis of both the species in a single reaction tube (duplex reaction). The choice of 
simplex or duplex reaction was evaluated through comparison of the gDNA 
amplification efficiency in both the reactions. The amplification efficiency was 
calculated using the gradient of the plot of threshold cycle number versus logarithm of 
gDNA construction as shown below: 
Amplification efficiency, ܧ ൌ  10ିଵ ௦௟௢௣௘⁄ െ 1 
Standard calibration curves were developed by simplex and duplex reactions 
using several amounts of gDNA (20 pg – 30000 pg) of individual cell strains. Figure 5-
11 shows the standard curves developed using simplex (Figure 5-11a) and duplex 
(Figure 5-11b) reactions. It was found that both the standard curves provided excellent 
fit (R2>0.99) and the gradient of the standard curves was used to calculate the 
amplification efficiency.  The amplification efficiency of gDNA of P. putida F1 and P. 
stutzeri OX1 in the duplex reaction was as low as 68% and 75% respectively. Better 
amplification efficiency (85% - 95%) was achieved for simplex reaction. To further 
evaluate the efficiency of the two reactions, known quantities of genomic DNA of each 









Figure 5-11: Quantitative real-time PCR standard curve a) Simplex reaction and 





Simplex and duplex reactions were conducted with the known mixed gDNA and from 
the threshold cycle numbers, gDNA of the individual species was calculated using the 
standard curve and tabulated (Table 5-3).  
Figure 5-12 illustrates the correlation between the actual and calculated gDNA 
of the two Pseudomonas species by simplex and duplex reaction. It was found that 
simplex reaction provided better prediction of gDNA than the duplex reaction. The 
simplex reaction enabled to predict the gDNA in the mixture within an error 
percentage of 2% - 12% while duplex reaction exhibited errors as high as 14% - 29%. 
The larger deviation of the calculated gDNA for a duplex reaction was probably due to 
the interference of the gDNA of one of the species during the amplification of the other 
DNA sequence and/or competitive inhibition. It has been reported that such 
competitive inhibition behavior during a multiplex reaction tend to decrease the 
sensitivity of the analysis (Hamilton and Schremmer, 2002 and Kösters et al., 2002). 
The reliability of the simplex reaction surpasses the advantage of rapid quantification 
and effective usage of reaction chemicals offered by a duplex reaction. For actual 
quantification process, we therefore recommend that a simplex reaction be used. 
5.3.4 Validation of mixed culture 
Calibration plots for quantification of the two Pseudomonas species as 
described above, were successfully developed taking into consideration the critical 
factors that might influence the mixed culture analysis. The effectiveness of the 
method was validated by mixing known quantities of the cells and estimating them 




Table 5-3: Summary of the simplex and duplex reaction results for different combinations of gDNA of P. putida F1 and P. stutzeri OX1  
Theoretical gDNA 
mix (ng) 
 Calculated gDNA (ng) 
Simplex Duplex 
PpF1 PsOX1 PpF1 PsOX1 PpF1 PsOX1 
5 31 4.52 ± 0.38 32.89 ± 1.25 3.56 ± 1.12 35.56 ± 1.44 
14 22 13.07 ± 0.89 23.42 ± 1.85 17.85 ± 0.78 16.12 ± 1.97 
20 16 21.7 ± 1.20 14.67 ± 1.16 16.38 ± 1.46 19.65 ± 0.89 
26 10 23.58 ± 1.18 9.75 ± 0.25 29.78 ± 2.23 7.41 ± 1.39 




Figure 5-12: Quantification of gDNA of P. putida F1 and P. stutzeri OX1 in known 
mixed gDNA samples  by a) Simplex reaction and b) Duplex reaction (Error bar 




The two Pseudomonas species were grown in BTEX as sources of carbon 
individually to prepare the known mixed cultures. Cells were taken at different time 
intervals along the exponential growth phase and mixed to form the simulated mixed 
community. Table 5-4 summarizes the composition of synthetic mixtures comprising P. 
putida F1 and P. stutzeri OX1. The gDNA was purified from the mixed culture 
samples and subsequent Taqman® based real-time PCR was performed. From the 
threshold cycle number for the individual fluorescence probes (FAM and VIC dyes), 
the gDNA of each bacterium in the mixed cultures was calculated. Using the 
correlation between the genomic DNA versus number of cells, the number of each 
species was calculated and tabulated (Table 5-4). Figure 5-13 compares the theoretical 
and the calculated cell concentration (AU) of P. putida F1 and P. stutzeri OX1 in the 
synthetic mixtures. The calculated values were found to be within acceptable 
experimental error limits (< 12%). 
The methodology, thus described is effective for differentiating and quantifying 
the two Pseudomonas species in a mixed culture. The identification of biomarkers 
using EnSEPT, a bioinformatics tool, is a novel approach and has been proved to be 
successful in differentiating the species even without the availability of the genome of 
P. stutzeri OX1. The use of Taqman based quantitative real-time PCR offered 
advantages such as precise quantification of specific nucleic acid sequences with 
enhanced reproducibility. However, the technique is limited by human errors such as 
improper assay development, incorrect data analysis, and/or unwarranted conclusions 
and inconsistent DNA yield (Valasek and Repa, 2005).  
The major highlight of the developed methodology is the minimal number of 
processing steps (gDNA purification and real-time PCR) required in comparison with 
other quantification techniques such as t-RFLP and FISH. This is due to the fact that a 
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physical, chemical and biological step involved in the molecular analysis of an 
environment is source of bias (Wintzingerode et al., 1997). For instance, t-RFLP 
involves gDNA extraction, PCR amplification, restriction enzyme digestion, 
purification of t-RFs and subsequent quantification of the fragments through capillary 
electrophoresis. The efficiency of the t-RFLP technique is limited by incomplete 
digestion of amplified PCR products and poor recovery of t-RFs in addition to the 
biases offered by DNA extraction and real-time PCR technique. FISH technique 
involves treatment of cells with chemical fixatives, probe permeabilization, probe 
hybridization and cell counting via microscopy or flow cytometry. This methodology 
suffers from probe permeabilization and hybridization problems and quantitative 
discrepancies associated with cell counting techniques (Coşkuner, 2002).  
The detection limit of the developed methodology depends on the efficiency of 
the gDNA purification and quantitative real-time PCR steps. Quantitative real-time 
PCR enabled precise quantification of specific nucleic acid sequences with enhanced 
reproducibility. It exhibited a wide dynamic range while quantifying gDNA of the 
Pseudomonas species from 30000 pg to as low as 20 pg with appropriate Ct values (14 
to 26 cycles). The gDNA purification method on the hand was unreliable at low cell 
numbers (P. putida F1: 2  108 cfu and P. stutzeri OX1: 1.7  106 cfu). The automation 
of the gDNA purification process can provide consistent extraction of community 
DNA from low cell numbers and an additional advantage of short processing time for 




Table 5-4: Summary of the mixed culture analysis  
Theoretical mixed culture (cfu) Calculated cell (cfu) 
PpF1 PsOX1 PpF1 PsOX1 
7.18  107 5.10  105 (7.80 ± 0.54)  107 (5.36 ± 0.49)  105 
1.06  108 6.44  105 (1.06 ± 0.07)  108 (6.15 ± 0.15)  105 
1.50  108 7.45  105 (1.44 ± 0.06)  108 (7.62 ± 0.65)  105 
1.00  108 1.18  106 (1.11 ± 0.10)  108 (1.19 ± 0.10)  106 
2.88  108 1.24  106 (3.00 ± 0.13)  108 (1.34 ± 0.08)  106 
2.25  108 1.46  106 (2.11 ± 0.06)  108 (1.52 ± 0.07)  106 
1.37  108 1.89  106 (1.42 ±0.10)  108 (1.79 ± 0.11)  106 






Figure 5-13: Quantification of P. putida F1 and P. stutzeri OX1 in synthetic mixed culture (Error bar indicates standard deviation from 
mean of 6 replicates) 
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Though the developed methodology allows for accurate estimation of 
Pseudomonas species in a mixed culture, it suffers from laborious standards 
preparation for each species and increased consumption of expensive chemical 
reagents for the simplex-standard quantification assay. Development of multiplex PCR 
strategy coupled with relative quantification assay (Friedrich and Lenke, 2006; Lee et 
al., 2008) through optimization of PCR parameters, primer and probe design for better 
amplification efficiency will enable to surpass the limitations of the developed 
methodology. 
5.4 Conclusions 
Identification of biomarkers using EnSePT, a bioinformatics tool, is a novel 
approach and has been proved to be successful in differentiating two Pseudomonas 
species. As shown here our workflow based on genome comparisons, marker 
sequences can be identified to differentiate microorganisms whose genomes have not 
been completely sequenced. However, with a complete genome database, biomarkers 
can be identified without the need for confirmation of marker sequence through 
nucleotide sequencing. Through optimization of PCR parameters, primer and probe 
design, multiplex reactions can also be set up for the model mixed culture system 
which could eliminate the limitation of simplex reactions.  The quantitative analytical 
method described can therefore be used to comprehend the population dynamics of P. 
putida F1 and P. stutzeri OX1 during the degradation of mono-aromatics by the 
synthetic consortia. Population demographics in the model effluent system will be 





6 BTEX BIODEGRADATION BY MIXED CULTURE 
6.1 Introduction 
6.1.1 Motivation 
A co-culture of P. putida F1 and P. stutzeri OX1 enhanced BTEX 
biodegradation compared to the individual strains due to functional assemblages of 
metabolic pathways (TOD and ToMO) for mono-aromatic removal. Hitherto, BTEX 
biodegradation studies on concoctions of micro-organisms for enhanced removal have 
evaluated the mixed culture performance through bioreactor studies (Oh and Bartha, 
1997; Shim and Yang, 2002), mineralization (Attaway and Schmidt, 2002; Shim et al., 
2005) and substrate interaction studies (Deeb and Alvarez-Cohen, 1999) with 
minimum focus on microbial interactions through population dynamics. This chapter 
describes the formulation of the two Pseudomonas species for different concentrations 
of the mono-aromatics and analyzes the mixed culture performance by highlighting the 
species interactions through population dynamics studies. 
6.1.2 Research objective 
The specific objectives of the research work presented in this chapter are as 
follows: 
a) To evaluate appropriate concoction of the two Pseudomonas species based on 
the effluent composition for mixed culture biodegradation experiments; and 
b) To assess the biodegradation characteristics of the co-culture and the microbial 
interactions through population dynamics analysis. 
122 
 
6.2 Research approach 
Benzene, toluene, ethyl benzene and o-xylene were used to prepare synthetic 
wastewater for the mixed culture biodegradation studies. Though the solubility of the 
mono-aromatic compounds ranged between 150 mg/L – 1780 mg/L (Mitra and Roy, 
2011), the effective solubility of BTEX in contaminated water sites is much lower 
depending on its relative abundance in petroleum derivatives. The effective solubility 
of the compounds varied between 47 mg/L – 105 mg/L depending on the composition 
of the source pollutant (http://www.epa.gov/athens/learn2model/part-
two/onsite/es.html). For this study, the total BTEX concentration in synthetic 
wastewater was adjusted to 160 mg/L (based on the higher estimate). Three model 
effluents based on the growth (benzene and toluene) and non-growth substrates (ethyl 
benzene and o-xylene) of P. putida F1 and P. stutzeri OX1 were chosen to demonstrate 
the concoction of the two species and the mixed culture performance (Table 6-1). The 
effluents comprised of high proportion of non-growth substrates (BTEX-a), equal 
concentration of the four mono-aromatics (BTEX-b) and low proportion of non-growth 
substrates (BTEX-c). 
Table 6-1: Model effluent system 
Effluent 
Composition (mg/L) 
Benzene Toluene Ethyl benzene o-Xylene Total 
BTEX-a 25 25 55 55 160 
BTEX-b 40 40 40 40 160 
BTEX-c 55 55 25 25 160 
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Formulation of the two Pseudomonas species for the model effluent systems 
involved the choice of appropriate inoculum source and inoculum density displaying 
minimum lag time. Lag time exhibited by non-adapted and adapted cells in benzene 
(50 mg/L) was used to select inoculum source for the mixed culture studies. Similarly, 
the effect of inoculum density on the lag time displayed by the cells in the synthetic 
wastewater was investigated and appropriate species composition for mixed culture 
study was determined. The mixed culture performance was evaluated via two modes of 
inoculation of the Pseudomonas species: intermittent addition of one strain during 
BTEX removal by the other species and concurrent addition of both the strains at the 
beginning of the biodegradation process. The inoculation mode which exhibited better 
biodegradation capacity in terms of short biodegradation time and complete removal of 
mono-aromatics was chosen for mixed culture studies. Biodegradation potential of the 
synthetic consortium was examined through population dynamics of the two strains 
and the analysis of substrate degradation patterns. Population demographics during 
mixed culture biodegradation were elucidated using quantitative real-time PCR. The 
growth kinetics (specific growth rate and lag time) of the individual Pseudomonas 
species in the mixed culture was analyzed to gain insight into the microbial 
interactions among the two strains. 
Biodegradation parameters such as lag time (), specific growth rate () and 
biodegradation time (tb) were determined using appropriate microbial growth and 
substrate utilization model equations. The model equations used in this study were 
chosen based on their ability to describe experimental data from the BTEX 
biodegradation experiments (Chapter 4). The overall research approach to address the 





Figure 6-1: Research approach for mixed culture biodegradation study 
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All the experiments were done in triplicates and the error bars indicate the percentage 
error from the mean of triplicates (unless otherwise stated). 
6.3 Results and Discussion 
6.3.1 Microbial growth – substrate utilization model 
Biodegradation parameters such as specific growth rate (), lag time () and 
substrate biodegradation time (tb) were chosen to evaluate the performance of the 
mixed culture. These parameters are usually estimated by deciding subjectively which 
part of the cell growth profile begins to exhibit significant growth (lag time) or is 
approximately linear (specific growth rate) and the time above which the substrate 
concentration reaches or falls below a specific value (biodegradation time) in the 
biodegradation profile. Such estimations are subject to biases due to judgmental errors. 
The description of the entire set of data with a model equation such as sigmoid 
function will therefore facilitate reliable and consistent estimation of biodegradation 
parameters (Zwietering et al., 1990).  
The general forms of sigmoid functions when used to describe microbial 
biodegradation data provide parameters which are difficult to interpret. Zwietering and 
coworkers (1990) modified sigmoid functions such as Gompertz and Richards model 
with biologically significant parameters such as lag time (), specific growth rate (m) 
and asymptote (logarithm of maximum cells, A). In a cell growth profile (Ln(X/Xo) 
versus time), the maximum specific growth rate () was defined as the tangent at the 
inflection point, the lag time () as the x-axis intercept of the tangent and asymptote A 
[Ln(X/Xo)] as the maximal value reached. Fan and coworkers (2004) derived sigmoid 
function based on the linear relation between bacterial growth rate and substrate 
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utilization rate to describe substrate utilization profile through biologically significant 
parameters such as lag time () and maximum degradation rate (Rm). The sigmoid 
function and the modified equations are summarized in Table 6-2. Modified Gompertz 
and Richards model equations have been successfully used to determine specific 
growth rate and substrate degradation rate from microbial growth (Qi et al., 2006; Fan 
et al., 2004) and substrate utilization patterns (Acuña et al., 1999; Wang et al., 2004; 
Berlendis et al., 2010; Ren-Xing et al., 2010), respectively. These models will 
therefore be used in this research work for the analysis of mixed culture biodegradation. 
The feasibility of the two models to describe Pseudomonas growth in the 
presence of BTEX was evaluated through non-linear regression followed by statistical 
analysis of the models. Modified Gompertz and Richards model equations were fit to 
60 BTEX biodegradation experiments (pure culture) by minimizing the residual square 
sum (RSS) using Solver (Microsoft Excel 2007). The initial guess for the 
biodegradation parameters for model fitting were obtained subjectively from the cell 
growth and substrate degradation plots. Both the models provided excellent fit with 
regression coefficients (R2) within 0.95 – 1.00. Figures 6-2 and 6-3 show a 
representative model fit for the growth profile of the two Pseudomonas species. 
Figures 6-4 and 6-5 illustrate a representative model fit for the substrate 
biodegradation by the two Pseudomonas species. It was found that the modified 
Richards model gave better fit in terms of higher regression coefficient and lower RSS 
for both microbial growth and substrate biodegradation profiles. This can be attributed 




Table 6-2: Microbial growth and substrate utilization models 
Model Gompertz Equation Richards Equation 
Sigmoid Function ݕ ൌ ܽ. exp ሾെexp ሺܾ െ ܿݔሻ] ݕ ൌ ܽሼ1 ൅ ݒ. expሾ݇ሺെ ݔሻሿሽିଵ ௩ൗ  
Growth Model ln ൬ ܺܺ௢൰ ൌ ܣexp ൜െ exp ൤
௠. ݁
ܣ ሺെ ݐሻ ൅ 1൨ൠ ln ൬
ܺ
ܺ௢൰ ൌ ܣ ൜1 ൅ ݒ. expሺ1 ൅ ݒሻ . exp ൤
௠
ܣ . ሺ1 ൅ ݒሻ
ቀଵାଵ௩ቁ. ሺെ ݐሻ൨ൠ
ିଵ ௩ൗ
Substrate Model ܵ ൌ ܵ௢ ൜1 െ exp ൤െexp ൤ܴ௠. ݁ܵ௢ ሺെ ݐሻ ൅ 1൨൨ൠ ܵ ൌ ܵ௢ ൝1 െ ൤1 ൅ ሺ݉ െ 1ሻ݁
௠. exp ൤ܴ௠ܵ௢ ݉
௠
ሺଵି௠ሻሺെ ݐሻ൨൨
ଵ ሺଵି௠ሻൗ ൡ 
 
 Zwietering et al., 1990 
Fan et al., 2004 
ܽ, ܾ, ܿ, ݇,݉, ߬, ݒ, ݔ, ݕ – Sigmoid function parameters 
ܺ– Cell concentration; ܺ௢ – initial cell concentration; 
ܵ– Substrate concentration; ܵ௢– initial substrate concentration
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Figure 6-2: Modified Gompertz model fit (dotted lines) for growth profile of P. 
putida F1 (PpF1) and P. stutzeri OX1 (PsOX1) in BTEX 
 
Figure 6-3: Modified Richards model fit (dotted lines) for growth profile of P. 
putida F1 (PpF1) and P. stutzeri OX1 (PsOX1) in BTEX 
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Figure 6-4: Modified Gompertz model fit for benzene degradation by P. putida F1 
(PpF1) and P. stutzeri OX1 (PsOX1) 
 
Figure 6-5: Modified Richards model fit for benzene degradation by P. putida F1 




The significance of the additional parameter in modified Richards model was 
validated through comparison of RSS by F-ratio test (95% significance level) 
(Zwietering et al., 1990). Null hypothesis stated that the modified Richards model 
(higher number of parameters) best described the experimental data. The residual 
square values from fitting both modified Gompertz and modified Richards model to 
cell growth or substrate degradation profile was used to determine the F-value (ܨ௖௔௟௖) 
and compared against the theoretical F-value ( ܨ௧௛௘௢ ) from the F-table at 95% 
significance level. The null hypothesis was accepted when ܨ௖௔௟௖ ൏  ܨ௧௛௘௢. Among the 
60 experimental data from each Pseudomonas species, 70% of the growth curves were 
accepted by the modified Gompertz model while modified Richards model provided 
appropriate fit for 60% of the substrate biodegradation profiles. 
ܨ௖௔௟௖ ൌ   ሺܴܵܵோ െ ܴܵܵீሻ/ሺܦܨோ െ ܦீܨ ሻሺܴܵܵோ/ܦܨோሻ  
ܨ௧௛௘௢ ൌ  ܨ஽ிೃ஽ிೃି ஽ிಸ 
Where,  
ܴܵܵோ– Residual sum square obtained from fitting modified Richards model to the cell 
growth or substrate degradation profile 
ܴܵܵீ – Residual sum square obtained from fitting modified Gompertz model to the 
cell growth or substrate degradation profile 
ܦܨ –  Degrees of freedom for a model and is equivalent to the difference between the 
number of data points in a cell growth or substrate degradation profile and the 
number of model parameters 
ܦܨோ – Degrees of freedom from the modified Richards model 




The additional parameter (݉) in modified Richards model was therefore found 
to significantly influence the shape of the substrate biodegradation profiles. Though 
the modified sigmoid function for substrate biodegradation was derived based on the 
assumption that microbial growth was proportional to substrate utilization, the shape 
factor indicated that microbial growth may not be directly proportional to substrate 
consumption (Fan et al., 2004). Such a behavior is possible when substrates are 
consumed for cell maintenance (Fan et al., 2004; Wang et al., 2004; Qi et al., 2006) or 
when biomass formation is related to mineralization of the metabolic pathway 
intermediates (Yu et al., 2001). The model fitting therefore re-emphasized our 
conclusions on the use of metabolic intermediates of biodegradation for biomass 
production in Chapter 4.  
Based on the statistical analyses, Pseudomonas growth and BTEX 
biodegradation profile was best described by modified Gompertz and Richards model, 
respectively. The experimental data from BTEX biodegradation henceforth was fit to 
the model equations by non-linear regression to determine specific growth rate, lag 
time and biodegradation time. These models were used to estimate parameters for 
concoction of the two Pseudomonas species based on minimum lag time and for a 
better understanding of the mixed cultures’ performance. 
6.3.2 Concoction of Pseudomonas species 
Our earlier study of concocting the two Pseudomonas species (Chapter 4) 
emphasized the importance of initial inoculum size and the relative composition of the 
species in the formulated microcosms towards rapid removal of the BTEX compounds. 
Therefore, optimization of species concentration in the consortia through evaluation of 
inoculum displaying minimum lag time will facilitate enhanced biodegradation of the 
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mono-aromatics. Expeditious batch biodegradation of BTEX can be achieved when 
both the Pseudomonas species co-exist and grow exponentially with minimum lag time 
in the synthetic wastewater.  
a) Inoculum source  
Two types of inoculum sources, namely cells from agar slants (refrigerated at 
4C) and cells pre-adapted in the growth substrates, were used to study the effect of 
inoculum source on lag time. The inoculum density (based on AU) in both the cases 
were maintained the same in the nutrient medium containing benzene and cell growth 
was monitored.  Figure 6-6 shows the dependency of the lag time exhibited by the two 
Pseudomonas species on preadaptation of the cells in BTEX. It was found that the cells 
pre-adapted to the mono-aromatics exhibited shorter lag time as compared to that of 
cells from the agar slants. The pre-adaptation technique enabled to minimize the 
selective pressure on the micro-organisms to produce enzymes essential for growth in 
the synthetic wastewater.  
Adaptation of the cells to BTEX compounds prior to inoculation has been 
found to have a constructive effect on the biodegradation efficiency and have also been 
observed to enhance the ability of the micro-organisms to tolerate high substrate 
concentrations (Shim and Yang, 2002; Shim et al., 2002; Babaarslan et al., 2003; 
Abuhamed, 2004). In all subsequent experiments therefore, both the strains maintained 
in agar slants (refrigerated at 4C) were pre-adapted to the growth substrates (100 






Figure 6-6: Effect of cell adaptation on lag time a) P. putida F1 grown in benzene 
(50 mg/L) and b) P. stutzeri OX1 grown in benzene (65 mg/L) 
134 
 
Bacteria harvested along the late exponential growth phase of the preculture was re-
suspended in fresh nutrient medium and subsequently used as inoculum source for 
mixed culture biodegradation experiments. 
b) Effect of inoculum density on lag time 
P. putida F1 and P. stutzeri OX1 were grown individually in minimal medium 
using toluene and o-xylene as growth substrates, respectively. Cells were harvested 
along the late exponential growth phase and re-suspended in minimal medium to the 
following concentrations: P. putida F1  4  109 cfu/mL and P. stutzeri OX1  4.5  
107 cfu/mL. Aliquots (0.5 mL – 4 mL) of the stock were used to inoculate culture 
flasks containing synthetic wastewater and the cell growth profile was monitored 
periodically. The modified Gompertz model was used to describe the growth profile of 
the two Pseudomonas species and the lag times at different inoculum densities were 
determined from the model.  
Figure 6-7 shows the effect of inoculum density on the lag time exhibited by 
the individual strains grown in the three model effluents. It was found that the two 
Pseudomonas species exhibited longer lag phase when grown in effluents containing 
higher proportions of ethyl benzene and o-xylene (BTEX-a). The lag time decreased 
when the proportions of the non-growth substrates decreased in the model effluent 
system. This could be attributed to the inhibitory effects of the non-growth substrates 
on the micro-organisms. Furthermore, the micro-organisms exhibited significant lag 
phase at low inoculum density possibly due to insufficient activators/enzymes to 









Figure 6-7: Effect of initial inoculum density on lag time a) P. putida F1 b) P. 




Figure 6-7 reveals a decrease in the lag time exhibited by the individual cell 
strains with increase in their inoculum size and beyond a certain cell concentration, the 
lag time was almost constant. The inoculum density beyond which there was no 
significant decrease in lag time was evaluated by comparing the lag times exhibited by 
the strain at two consecutive inoculum densities using the Student’s t-test (as described 
below). The null hypothesis was that the Pseudomonas species exhibited no significant 
decrease in the lag time at two consecutive inoculum densities and was accepted 
when ݐ௖௔௟௖ ൏ ݐ௧௛௘௢ (95% significance level).  





ݐ௧௛௘௢ ൌ   ݐ஽ி௣  ሺܨݎ݋݉ ݐ െ ݐܾ݈ܽ݁ሻ 
Where, 
ଵ and ଶ – Average lag time exhibited by the strain at two consecutive initial cell 
concentrations 
ଵ  and ଶ  – Standard deviations of the lag time exhibited by the strain at two 
consecutive initial cell concentrations 
݊ଵ and ݊ଶ – Number of replicates 
ܦܨ – Degrees of freedom ሺ݊ଵ ൅ ݊ଶ െ 2ሻ 
݌ – Significance level (95%) 
The comparison of the calculated t-values with that of the theoretical value 
(ݐ௧௛௘௢= 2.78, at ݌ = 0.05, ܦܨ = 4) for each consecutive inoculum density showed that 
beyond 3.2  107 cfu/mL for P. putida F1 and 5.0  105 cfu/mL for P. stutzeri OX1, 
137 
 
the decline in lag time was insignificant. With our interest in rapid and enhanced 
BTEX biodegradation, the inoculum density beyond which there was no significant 
decrease in lag time was taken as the species concentration for mixed culture 
biodegradation studies. Further, the decreasing trend in lag time with cell density was 
similar for all the three model effluent compositions and could be attributed to the 
constant total BTEX concentration (160 mg/L) in the effluent.  
Optimization of inoculum density based on effluent composition has also 
gained importance in bio-augmentation of contaminated sites. Low cell density when 
introduced into heavily contaminated sites inhibits cell replication and also causes the 
augmented species to be outcompeted by the naturally occurring population (Ramadan 
et al., 1990). On the other hand, increase in inoculum size during a batch 
biodegradation process improved substrate degradation rates with concomitant 
decrease in the total degradation time (Babaarslan et al., 2003) and lower specific 
consumption of the substrates (Wolski et al., 2006).  In general, for kinetic modeling 
studies, initial inoculum size is optimized relative to initial substrate concentration 
(Reardon et al., 2000).  
6.3.3 Mixed culture biodegradation 
Pure culture-mixed substrate biodegradation experiments in Chapter 4 
demonstrated that P. putida F1 utilized benzene, toluene, and ethyl benzene 
simultaneously with cometabolic removal of o-xylene. Biodegradation of the non-
growth substrate, o-xylene, was incomplete and commenced only when substantial 
amounts of the growth substrates had been degraded. P. stutzeri OX1, on the other 
hand, degraded benzene, toluene and o-xylene with cometabolic removal of its non-
growth substrate, ethyl benzene. In a mixed substrate system, biodegradation of ethyl 
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benzene and o-xylene commenced only when considerable amounts of benzene and 
toluene had been degraded. Cometabolic removal of ethyl benzene produced a dark 
coloration of the growth medium during the late exponential growth phase. The 
quaternary substrate biodegradation profile of the individual cell strains described 
above is well evident from the Figure 6-8.  
Based on the biodegradation characteristics of the two Pseudomonas species, 
results in Chapter 4 also presented the feasibility of using a mixed culture of the two 
bacteria for enhanced BTEX biodegradation. Since, the strains exhibited a delay in the 
removal of the non-growth substrates it was hypothesized that intermittent addition of 
one strain during mixed substrate biodegradation by the other strain could be a 
possibility to achieve enhanced BTEX removal efficiency. Mixed culture performance 
was therefore evaluated via two modes of inoculation: (a) intermittent addition of one 
bacterium during BTEX biodegradation by the other strain and (b) concurrent addition 
of both the strains during the biodegradation process. 
The intermittent mode of inoculating a strain was performed to examine whether 
possible competition for common growth substrates (benzene and toluene) and 
inhibition from non-growth substrates (ethyl benzene or o-xylene) can be minimized 
on the intermittently added cell strain. Inoculation for the first mode of intermittent 
addition was accomplished through either addition of P. putida F1 followed by P. 
stutzeri OX1 (PpF1-PsOX1) or P. stutzeri OX1 followed by P. putida F1 (PsOX1-
PpF1) when 40% - 50% of BTEX has been degraded by the first strain. BTEX 
biodegradation by individual and mixed culture combinations was monitored for the 
three model effluents. Inoculum density appropriate for minimum lag phase (P. putida 
F1  3.2  107 cfu/mL; P. stutzeri OX1  5  105 cfu/mL) was consistently used for the 





Figure 6-8: Quaternary substrate biodegradation profile (BTEX-a) a) P. putida F1 




Mixed substrate biodegradation by the intermittent inoculation schematics 
“PpF1-PsOX1” and the corresponding biomass growth is shown in Figure 6-9. The 
biodegradation of benzene, toluene and ethyl benzene by P. putida F1 was observed 
within the first four hours (Figure 6-9a). P. stutzeri OX1 was added to the culture 
medium when the total BTEX reached approximately 50% of the initial concentration. 
It was found that the intermittent addition of P. stutzeri OX1 at 4.5 hr commenced the 
removal of o-xylene at 5 hr as illustrated in Figure 6-9. The biomass growth in BTEX-
a is shown in Figure 6-9b displayed two distinct cell growth profiles. The first growth 
phase (0  Time  6 hr) represented the growth of P. putida F1 due to the consumption 
of benzene, toluene and ethyl benzene, while the second growth profile (6  Time  
12.5 hr) corresponded to the biodegradation of o-xylene. Since, o-xylene supported the 
growth of P. stutzeri OX1, the second growth phase could be attributed to the growth 
of P. stutzeri OX1. The biomass growth rate during the first growth phase was also 
observed to be comparatively higher than that of the latter. This significant difference 
in the growth rates supports our conclusions on the contribution of P. putida F1 and P. 
stutzeri OX1 during the former (0  Time  6 hr) and latter (6  Time  12.5 hr) 











Figure 6-9: BTEX-a biodegradation by intermittent inoculation schematics PpF1-




The cell growth profile and BTEX biodegradation by the second intermittent 
inoculation schematics (PsOX1-PpF1) is shown in Figure 6-10. During the initial 
biodegradation process, concurrent biodegradation of BTEX with rapid degradation of 
benzene followed by toluene, ethyl benzene and o-xylene was observed in the presence 
of P. stutzeri OX1. The removal ethyl benzene by P. stutzeri OX1 observed was due to 
cometabolism in the presence of the growth substrates. P. putida F1 was later added to 
the culture medium when the BTEX levels reached 50% of the initial substrate 
concentration. Simultaneous removal of the mono-aromatics was observed even after 
the addition of P. putida F1 (Figure 6-10a). Similar to the previous inoculation 
schematics, two distinct cell growth profiles was observed in Figure 6-10b. The first 
growth phase (0  Time  4.5 hr) represented the growth of P. stutzeri OX1 
corroborating the consumption of benzene, toluene and o-xylene, while the second 
growth profile (4.5  Time  12.5 hr) corresponded to the biodegradation of benzene, 
toluene, ethyl benzene and o-xylene by both the Pseudomonas strains. Cell growth 
observed after 5 hr was contributed by both the strains due to consumption of ethyl 
benzene and o-xylene by P. putida F1 and P. stutzeri OX1, respectively (Figure 6-10b). 
During the late exponential growth phase, the medium exhibited a dark coloration due 
to the cometabolic removal of ethyl benzene by P. stutzeri OX1 during the initial 












Figure 6-10: BTEX-a biodegradation by intermittent inoculation schematics 
PsOX1-PpF1 a) Substrate degradation profile and b) Cell growth profile 
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Figure 6-11 shows the biodegradation of the model effluent BTEX-a by 
concurrent inoculation of both the Pseudomonas species. It was observed that the two 
strains facilitated simultaneous degradation of all the four mono-aromatics to 
completion without any dark coloration of the synthetic wastewater. Benzene and 
toluene were observed to be degraded first followed by ethyl benzene and o-xylene 
(Figure 6-11a).  The growth profile of the co-culture had two distinct phases similar to 
the previous inoculation schematics (Figure 6-11b). The first growth phase (0  Time 
 6 hr) corresponded to the biodegradation of all the four mono-aromatic compounds. 
It was anticipated that the biomass yield corresponding to the removal of benzene and 
toluene was due to the two Pseudomonas strains, while P. putida F1 and P. stutzeri 
OX1 contributed to ethyl benzene and o-xylene removal, respectively.  The second 
growth phase (6  Time  11 hr) occurred as a consequence of o-xylene removal by P. 
stutzeri OX1. The individual contributions of the Pseudomonas species towards mono-
aromatics removal would be ascertained through population demographics studies. 
The performance of mixed culture combinations were compared with that of 
the pure cultures based on biodegradation time of the individual substrates. The 
biodegradation time is defined as the time to degrade the individual mono-aromatics to 
concentrations below 1 mg/L. This parameter was determined by fitting modified 
Richards model equation to the substrate biodegradation profiles. Figure 6-12 
illustrates the performance of the five types of inoculum, namely two pure cultures (P. 
putida F1 and P. stutzeri OX1) and three mixed cultures (PpF1-PsOX1, PsOX1-PpF1 
and co-culture), in the model effluent systems. It was found that either of the mixed 
culture combinations exhibited better biodegradation capabilities than the pure cultures 






Figure 6-11: BTEX-a biodegradation by concurrent inoculation of P. putida F1 






Figure 6-12: Performance of pure and mixed culture combinations grown in a) 





The biodegradation potential of the three mixed culture combinations was 
therefore summarized in Table 6-3 to select the appropriate mode of inoculation. It was 
observed that the biodegradation time of the mono-aromatics by the microbial 
consortia was the highest for BTEX-a followed by BTEX-b and BTEX-c. For example, 
the co-culture degraded the model effluents BTEX-a, BTEX-b and BTEX-c in 12, 9 
and 8 hr respectively. This trend in the biodegradation timeሺݐ௕ಳ೅ಶ೉షೌ ൐   ݐ௕ಳ೅ಶ೉ష್ ൐
 ݐ௕ಳ೅ಶ೉ష೎ሻ can be attributed to the proportion of the substrates in the model effluent 
system. BTEX-a, comprising the highest proportion of ethyl benzene and o-xylene 
(70%), could have exerted inhibitory effects on the cell strains which subsequently 
required longer incubation time to attain complete BTEX removal. This further 
supported the inhibition effects of the non-growth substrates on the respective strains 
in the microbial concoctions. 
Among the three mixed culture combinations, the intermittent inoculation 
schematics “PpF1-PsOX1” and the co-culture exhibited better biodegradation 
characteristics in terms of complete removal of the BTEX compounds without the 
accumulation of intermediate metabolites. The best possible inoculation among the two 
favored combinations (PpF1-PsOX1 and co-culture) was chosen based on the 
biodegradation time of the individual substrates. Both the mixed cultures exhibited 
comparatively similar biodegradation time for benzene, toluene and ethyl benzene. 
However the co-culture effectively biodegraded o-xylene exhibiting corresponding to a 
20% decrease in the biodegradation time than the inoculation schematics PpF1-PsOX1. 
Being the most recalcitrant mono-aromatic, it was essential to attain enhanced 
biodegradation of o-xylene. Hence, the co-culture of P. putida F1 and P. stutzeri OX1 
was preferred for the mixed culture biodegradation.  
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Table 6-3: Comparison of biodegradation characteristics of the mixed culture combinations 
Mixed Culture 
Biodegradation time (hr) 
Biodegradation  
characteristics 
BTEX-a BTEX-b BTEX-c 
B T EB o-X B T EB o-X B T EB o-X 
PpF1-PsOX1 6.7 5.7 7.0 13.7 6.7 5.3 5.7 11.3 4.7 4.9 4.7 7.9 Complete removal of BTEX 
PsOX1-PpF1 5.4 7.4 11.1 12.3 9 9.8 13.3 12.6 7.2 8.4 8.6 10.7
Complete removal of BTEX with 
dark coloration of medium 
Co-culture 5.0 5.4 7.0 11.4 6.6 5.3 5.6 9.0 4.2 4.7 4.6 7.7 Complete removal of BTEX 
 





 The above studies demonstrate that the synthetic consortia exhibited 
simultaneous and rapid removal of all the substrates without dark coloration of the 
medium (due to cometabolism of ethyl benzene). The incompetency of both the 
intermittent inoculation schematics could be attributed to the inhibitory effect of the 
intermediates from the cometabolic removal of the respective non-growth substrates 
and also metabolic intermediates such as catechol (Muñoz et al., 2007) produced 
during the biodegradation of the growth substrates on the intermittently added cell 
strain. 
6.3.4 Biodegradation potential of synthetic consortia 
BTEX biodegradation by the individual Pseudomonas species and a co-culture 
of P. putida F1 and P. stutzeri OX1 was conducted to further comprehend the 
biodegradation potential of the synthetic consortium and the microbial interactions 
within the co-culture through population dynamics studies. Aliquots of 2 mL cell 
samples were taken along the exponential growth phase of both pure and mixed culture 
for microbial potential analysis. Individual pure cultures were used to establish the 
standard curves: genomic DNA versus cell numbers (genomic DNA purification) and 
threshold cycle number versus genomic DNA (quantitative real-time PCR). Microbial 
community DNA from the mixed culture was analyzed to enumerate species 
concentration using simplex quantitative real-time PCR (Chapter 5).  
a) Microbial Growth 
The results of the mixed culture biodegradation experiments are shown in 
Figures 6-13, 6-14 and 6-15. During the biodegradation of the three BTEX wastewater 
formulations (BTEX-a, BTEX-b and BTEX-c), significant growth of P. putida F1 was 
observed until benzene, toluene and ethyl benzene had been depleted to completion. 
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The growth of P. stutzeri OX1 was observed to be slow during the initial 
biodegradation phase corroborating the consumption of benzene and toluene. The 
sluggish growth phase of P. stutzeri OX1 was observed to be longer for BTEX-a (6 hr) 
(Figure 6-13b) followed by BTEX-b (3 hr) (Figure 6-14b) and BTEX-c (2.5 hr) 
(Figure 6-15b) and can be attributed to the high concentrations of the non-growth 
substrate ethyl benzene in the effluent. Significant growth of P. stutzeri OX1 was 
observed after benzene, toluene and ethyl benzene had been degraded to completion 
(Time > 6 hr – Figure 6-13b; Time > 3 hr – Figure 6-14b; Time > 2.5 hr – Figure 6-
15b) leading to support its contribution towards the biodegradation of o-xylene. In all 
these studies, it can be seen that a mixed microbial consortium enhanced the 
biodegradation of benzene and toluene through contribution from the two 
Pseudomonas species and subsequently allowed the individual strains to consume their 
respective growth substrates, ethyl benzene and o-xylene synergistically. 
The cell concentrations achieved during the biodegradation of the effluents 
BTEX-a, BTEX-b and BTEX-c by the mixed culture are summarized in Table 6-4. The 
highest cell concentration was achieved when the co-culture degraded BTEX-c 
followed by BTEX-b and BTEX-a. Though the total BTEX concentrations in the three 
effluents were kept constant as 160 mg/L, the difference in the total cell concentration 
achieved depended on the proportion of the growth substrates present in the synthetic 
wastewater. The total concentration achieved for the model system BTEX-c was 
therefore observed to be the highest. The biomass concentration of P. putida F1 
achieved for the three effluent systems exhibited a trend similar to the total cell 
concentration. It was therefore anticipated that the BTEX biodegradation was 
dominated by the fast degrader, P. putida F1. P. stutzeri OX1 concentration, on the 






Figure 6-13: Biodegradation of BTEX-a by mixed culture a) Substrate 
biodegradation profile and b) Cell growth profile (Error bars indicate standard 








Figure 6-14: Biodegradation of BTEX-b by mixed culture a) Substrate 
biodegradation profile and b) Cell growth profile (Error bars indicate standard 







Figure 6-15: Biodegradation of BTEX-c by mixed culture a) Substrate 
biodegradation profile and b) Cell growth profile (Error bars indicate standard 
deviation from mean of 6 replicates) 
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Model effluent system BTEX-a comprises of high concentration of o-xylene and the 
trend observed in P. stutzeri OX1 concentration achieved supports it contribution 
towards the removal of o-xylene. 
Table 6-4: Cell concentration achieved during BTEX biodegradation 
Micro-organism 
Cell concentration, (AU) 
BTEX-a BTEX-b BTEX-c 
Co-culture 0.22 0.25 0.26 
P. putida F1 0.15 0.20 0.21 
P. stutzeri OX1 0.071 0.047 0.023 
 
The modified Gompertz model was used to determine the growth kinetics of 
the pure cultures and the individual strains in the mixed culture. The lag time exhibited 
by the two Pseudomonas species as pure and mixed culture was determined from the 
modified Gompertz model and summarized in Table 6-5. It was found that the 
individual bacterium in the concoction exhibited shorter lag times than that of the pure 
cultures (PpF1-mixed < PpF1-pure; PsOX1-mixed < PsOX1-pure). The difference in the 
lag time exhibited by the bacteria in pure and mixed culture study was observed to be 
significant based on the Student t-test analysis (ݐ௧௛௘௢= 2.28, at ݌ = 0.05, ܦܨ = 10). It is 
apparent that the mutual degradation of the aromatic hydrocarbons attributed to 
attenuated substrate inhibition effects on the individual species in the mixed culture. 
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The specific growth rate of the two Pseudomonas species as pure and mixed 
culture was determined from the modified Gompertz model and summarized in Table 
6-6. The specific growth rate of the pure cultures was found to be lowest in BTEX-a 
followed by BTEX-b and BTEX-c. Based on the decreasing pattern of the specific 
growth rates with increasing proportion of ethyl benzene and o-xylene (Pure culture: 
BTEX-a < BTEX-b < BTEX-c), it could be concluded that the inhibitory effects of the 
non-growth substrates on the pure cultures were significant. The specific growth rate 
of the individual strains in the mixed culture was observed to be lower than that of the 
pure bacteria (PpF1-mixed < PpF1-pure; PsOX1-mixed < PsOX1-pure). The difference in 
the specific growth rate of the two strains in pure and mixed culture was observed to 
be statistically significant for the effluent BTEX-a and BTEX-b (ݐ௧௛௘௢= 2.28, at ݌ = 
0.05, ܦܨ = 10). The specific growth rate of the individual strains, P. putida F1 and P. 
stutzeri OX1 in a co-culture decreased by 25% and 50%, respectively, in effluent 
BTEX-a. Substantial decrease in the growth rates of the individual species in the 
mixed culture could have resulted from competition among the two species for the 
common growth substrates (benzene and toluene). The difference in the specific 
growth rate of the two strains in pure and mixed culture was observed to be statistically 
insignificant for the effluent BTEX-c (ݐ௧௛௘௢= 2.28, at ݌ = 0.05, ܦܨ = 10). This could 
be attributed to an increase in the bioavailability of the common growth substrates in 
the effluent BTEX-c comprising of high proportions of the growth substrates, benzene 




Table 6-5: Comparison of lag time evaluated using modified Gompertz model 
Effluent 
Lag time,  (hr) 
Pseudomonas putida F1 Pseudomonas stutzeri OX1 
Pure Mixed ࢚ࢉࢇ࢒ Pure Mixed ࢚ࢉࢇ࢒ 
BTEX-a 0.56  0.02 0.38  0.03 14.0 1.92  0.08 1.63  0.08 6.5 
BTEX-b 0.62  0.03 0.49  0.04 6.5 2.15  0.09 1.70  0.06 9.9 
BTEX-c 0.56  0.02 0.56  0.03 8.8 2.10  0.04 1.83  0.08 7.3 
 
Table 6-6: Comparison of specific growth rate evaluated using modified 
Gompertz model 
Effluent 
Specific growth rate,  (hr-1) 
Pseudomonas putida F1 Pseudomonas stutzeri OX1 
Pure Mixed ࢚ࢉࢇ࢒ Pure Mixed ࢚ࢉࢇ࢒ 
BTEX-a 0.64  0.02 0.49  0.04 9.1 0.26  0.01 0.12  0.01 26.8 
BTEX-b 0.84  0.04 0.77  0.04 3.0 0.29  0.03 0.25  0.03 2.5 
BTEX-c 0.91  0.04 0.85  0.05 1.9 0.29  0.04 0.26  0.02 1.6 
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b) Substrate biodegradation 
In all the synthetic BTEX wastewater examined, the mixed culture exhibited 
enhanced biodegradation of benzene, toluene, ethyl benzene and o-xylene (Figure 6-13, 
Figure 6-14 and Figure 6-15). It was found that the biodegradation of the most 
recalcitrant compound, o-xylene, commenced only after considerable biodegradation 
of the other substrates. Complete biodegradation of o-xylene was achieved due to the 
mutual contribution of P. putida F1 (rapid biodegradation of benzene, toluene and 
ethyl benzene – TOD pathway) and P. stutzeri OX1 (ToMO pathway).  
BTEX biodegradation potential of the co-culture was analyzed through a 
comparison of the substrate biodegradation profiles of the pure culture with that of the 
mixed consortium. Figures 6-16, 6-17 and 6-18 show the comparison of 
biodegradation of the two common growth substrates (benzene and toluene) and ethyl 
benzene, by pure and mixed cultures. The biodegradation of benzene, toluene and ethyl 
benzene in the mixed culture was observed to be consistently similar to that of P. 
putida F1. The comparison of biodegradation of o-xylene in the model effluents by 
pure and mixed cultures is illustrated in Figure 6-19. Unlike the other mono-aromatics, 
the biodegradation of o-xylene in BTEX-b and BTEX-c commenced 2-3 hours earlier 
than that of the pure cultures. However, at high proportions of o-xylene in the effluent 
(BTEX-a), the biodegradation profile was identical to that of P. stutzeri OX1. On the 
other hand, at low proportions of o-xylene in BTEX (BTEX-c), its removal rate was 





Figure 6-16: Comparison of benzene biodegradation by pure and mixed cultures 





Figure 6-17: Comparison of toluene biodegradation by pure and mixed cultures  





Figure 6-18: Comparison of ethyl benzene biodegradation by pure and mixed 





Figure 6-19: Comparison of o-xylene biodegradation by pure and mixed cultures 
a) BTEX-a b) BTEX-b and c) BTEX-c 
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P. putida F1 in BTEX-c rapidly degraded the growth substrate benzene, toluene and 
ethyl benzene due to minimal inhibition from the non- growth substrate, o-xylene. This 
subsequently facilitated faster biodegradation of o-xylene by P. stutzeri OX1. Based on 
the comparison of the biodegradation of benzene, toluene and ethyl benzene, P. putida 
F1 was found to dominate the substrate removal kinetics by virtue of its rapid growth 
in its growth substrates (Figures 6-16, 6-17 and 6-18). This corroborates the 
observation of Duetz and coworkers (1994) that the micro-organisms following TOD 
pathway are fast degraders and dominate the mixed community during BTEX 
biodegradation. 
Based on these observations, it can therefore be surmised that the concoction of 
bacteria with complementing biodegradation characteristics maximized the benefits 
offered by the individual strains with concomitant elimination of undesirable 
cometabolic biodegradation in the model wastewaters. The bacterial strains in the co-
culture exhibited competitive behavior for the common growth substrates, benzene and 
toluene, but synergistically co-operated with each other to biodegrade ethyl benzene 
and o-xylene to completion without accumulation of any undesirable products. 
Competition between the two strains for benzene and toluene was found to be 
dependent on the respective substrate concentrations.  
Microbial interactions have been found to differ on the basis of the substrates 
used. For example, competition and commensalism between P. putida F1 and 
Burkholderia sp. JS150 has been observed during the biodegradation of phenol. On the 
other hand, the co-culture exhibited amensalism and competitive interactions for 
biodegradation of toluene (Rogers et al., 2000). Similarly, association of A. awamori 
and T. aurantiacus varied from a positive interaction to neutral and competition 
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depending on the mixture of phenolic compounds used for growing the cultures 
(Stoilova et al., 2008).  
Comprehension of microbial interactions through population dynamics is not 
complete due to the complex behavior of the members of the consortium in the 
presence of different substrates (Reardon et al. 2002). Microbial interactions in mixed 
cultures have been studied by comparing the proteome of single cultures with the 
mixed culture (Fazzini et al. 2010). Expression studies of proteins related to stress or 
metabolic pathways allowed an understanding of the contributions of individual 
members of the consortium towards biodegradation and their interactions. A 
comprehensive understanding of such physiological responses would eventually 
facilitate the selection of micro-organisms to concoct a mixed culture for an enhanced 
biodegradation process. Proteomic studies also provide knowledge of the effective 
biodegradation pathway established by a mixed community at varied process 
conditions, which can subsequently be used in predictive modeling of real-time clean-
up systems. 
6.4 Conclusions 
Biodegradation characteristics of P. putida F1 and P. stutzeri OX1 
complemented each other in terms of their substrate ranges. Three model effluents 
were chosen to demonstrate the biodegradation characteristics of a co-culture of P. 
putida F1 and P. stutzeri OX1. The microbial population required for the mixed culture 
studies was determined through comprehension of the effect of inoculum source and 
inoculum size on lag time. Among the two modes of inoculation for the mixed culture 
studies, concurrent inoculation of both strains exhibited better degradation capabilities 
in terms of shorter biodegradation time and complete removal of all mono-aromatics 
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without the formation of any undesirable intermediates. During mixed culture 
biodegradation, removal of the common growth substrates, benzene and toluene, was 
contributed by both strains while biodegradation of ethyl benzene and o-xylene was 
achieved by the individual bacterium which could use each of these as growth 
substrates. Population dynamics studies revealed competitive behavior among the 
strains when common growth substrates, benzene and toluene, were in smaller 
proportions in the effluent. Exclusive biodegradation of the non-growth substrates, 
ethyl benzene and o-xylene, by P. putida F1 and P. stutzeri OX1, respectively, proved 
synergistic interaction among the two strains. The overall BTEX biodegradation was 




7 CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 
7.1 Conclusions 
This research aimed at concocting two bacteria, namely P. putida F1 and P. 
stutzeri OX1, for biodegradation of mono-aromatic hydrocarbons. Pure substrate 
biodegradation studies revealed that P. putida F1 utilized benzene, toluene and ethyl 
benzene as sole sources of carbon while P. stutzeri OX1 biodegraded benzene, toluene 
and o-xylene. P. putida F1 exhibited concurrent biodegradation of benzene, toluene 
and ethyl benzene with incomplete removal of o-xylene in a quaternary substrate 
system. P. stutzeri OX1 was witnessed to biodegrade the four mono-aromatics 
simultaneously with cometabolic removal of its non-growth substrate, ethyl benzene. 
The cometabolism ethyl benzene caused a dark coloration of the medium due to 
accumulation of pathway intermediates during the late exponential growth phase.  
The biodegradation potential of the two Pseudomonas species complemented 
each other and offered opportunities to explore their performance as a co-culture for 
enhanced BTEX biodegradation. Several microbial formulations were concocted and 
their biodegradation characteristics were evaluated using a model effluent system. The 
preliminary mixed culture biodegradation ascertained the advantages of the co-culture 
over the individual Pseudomonas species. The study also emphasized the significance 
of substrate range, specific growth rate, inoculum density and species proportion while 
concocting preselected micro-organisms for enhanced mono-aromatic removal. It was 
proposed that population dynamics of the mixed community during mixed culture 
biodegradation shall provide an in-depth understanding of the contribution of the 
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individual species and microbial interactions towards the removal of each mono-
aromatic hydrocarbon in the effluent.  
Bioinformatics and molecular biology tools were used to develop a 
methodology to evaluate the microbial potential of the individual strains in a mixed 
culture. EnSePT, an in-house bioinformatics tool, enabled to identify a marker 
nucleotide sequence rich in SNPs to distinguish the two Pseudomonas species through 
a whole-genome approach. Quantification of the cells in a mixed culture was 
accomplished by developing two standard curves, namely genomic DNA versus cell 
number (genomic DNA purification) and threshold cycle number versus genomic 
DNA (Taqman® based quantitative real-time PCR), for each individual species. 
Quantitative real-time PCR enabled to differentiate and quantify the two strains in a 
mixed culture within experimental errors. The workflow based on bioinformatics and 
molecular biology offered exceptional advantages such as identification of marker 
sequences to differentiate microorganisms whose genomes have not been completely 
sequenced and quantification of the two strains in synthetic consortium within 
experimental errors. The developed methodology was subsequently used to 
comprehend the interactions among P. putida F1 and P. stutzeri OX1 during BTEX 
biodegradation. 
The concoction of the two Pseudomonas species based on effluent composition 
and the performance of the mixed culture was demonstrated using three model 
effluents. The microbial population required for the mixed culture studies was 
evaluated through comprehension of the effect of inoculum source and inoculum size 
on lag time. The mixed culture performance was assessed via two modes of 
inoculation, namely intermittent addition of one bacterium during BTEX 
biodegradation by the other strain and concurrent addition of both the strains at the 
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beginning of biodegradation process. Mixed culture performance was investigated 
based on the rate and extent of removal of mono-aromatics in the effluent.  Among the 
two inoculation schematics, the concurrent addition of the strains exhibited superior 
biodegradation potential such as rapid and complete removal of all the mono-aromatics 
without the accumulation of undesirable pathway intermediates. 
Population dynamics of the co-culture evaluated through quantitative real-time 
PCR facilitated to comprehend the contributions of the two Pseudomonas species 
towards BTEX biodegradation and microbial interaction. The co-culture of P. putida 
F1 and P. stutzeri OX1 enhanced the biodegradation of the common growth substrates 
(benzene and toluene) and subsequently consumed their respective growth substrates 
ethyl benzene and o-xylene to completion. The exclusive biodegradation of ethyl 
benzene and o-xylene by P. putida F1 and P. stutzeri OX1 respectively proved 
synergistic interaction between the two strains. Mutual biodegradation of the aromatic 
compounds caused attenuated substrate inhibition effect on each strain. The specific 
growth rate of the individual strains in mixed culture was significantly less than that of 
pure culture revealing competition for the common growth substrates, benzene and 
toluene. This competitive behavior was highly pronounced when the strains degraded 
effluent containing low concentration of the common growth substrates. The substrate 
biodegradation profile of the co-culture was dominated by the fast growing strain, P. 
putida F1.  
In conclusion, a concoction of P. putida F1 and P. stutzeri OX1 exhibited 
enhanced BTEX biodegradation capabilities. The co-culture maximized the benefits 
offered by the individual strains such as rapid biodegradation of the recalcitrant o-
xylene with concomitant elimination of undesirable cometabolism of ethyl benzene in 
the model system. Further research in this direction will significantly contribute to 
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effective cleanup of contaminated sites/water with better control on the biodegradation 
process. 
7.2 Recommendations for future work 
The research work presented here is a preliminary study to mix preselected 
bacteria and to comprehend microbial interactions for BTEX biodegradation. To gain 
further in-depth insights of the biodegradation process and real-time application of 
synthetic consortia, several potential research areas are discussed below. 
7.2.1 BTEX biodegradation by constructed microbial community 
The BTEX system described in this work comprised of four mono-aromatic 
hydrocarbons, namely benzene, toluene, ethyl benzene and o-xylene. In order to 
simulate real-time situations, a model system with all the six mono-aromatics could be 
explored. P. putida mt-2, which is capable of degrading toluene, p- and m-xylene as 
sole carbon sources (Duetz et al., 1998) would be an appropriate choice to concoct 
with P. putida F1 and P. stutzeri OX1 to biodegrade all the six mono-aromatic 
hydrocarbons. Evaluation of biodegradation potential of microbial consortia 
comprising of the three Pseudomonas species at different BTEX concentrations will 
also provide an in-depth understanding of microbial and substrate interactions. At this 
juncture, it is noteworthy that all the above analysis will be carried out under sterile 
conditions. However, in real-time situations, the treatment system is prone to microbial 
contaminations and is essential to maintain our concoctions as dominant strains 
throughout the biodegradation process. 
The following research programme can therefore be proposed: 
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a) Evaluation of BTEX biodegradation potential of P. putida mt-2 (single 
substrate and multiple substrate biodegradation studies);  
b) Concoction of mixed culture of the three Pseudomonas species and evaluation 
of their biodegrading capacities using different concentrations of BTEX; 
c) Population dynamics of synthetic consortia to comprehend microbial 
interactions and system stability. 
d) Application of the formulated concoctions for clean-up of real wastewater and 
comprehend the interactions among the strains. 
e) Comparison of performance of the concoctions under sterile and non-sterile 
conditions during BTEX removal and suggest appropriate actions to address 
the incongruities that might be observed. 
7.2.2 Design and operation of a immobilized bioreactor for BTEX 
biodegradation 
Performance of suspended cell cultures is generally limited to a specific range 
of substrate concentrations due to the toxic effects of the aromatic compounds on the 
members of the consortium. Immobilization of microbial consortium in an adsorptive 
media such as granular activated carbon, calcium alginate beads and others offers 
advantages such as increased biodegradation rates and elimination of substrate 
inhibition, by providing adapted co-culture at high inoculum density. Upon successful 
application of the three Pseudomonas species for enhanced BTEX biodegradation, 
design and operation of an immobilized bioreactor will help in addressing the current 
challenges faced in industrial bio-treatment processes using isolated consortium.  
The following research programme is therefore proposed: 
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a) Immobilization of microbial consortia in calcium alginate beads and evaluate 
batch biodegradation of mono-aromatic hydrocarbons; 
b) Design and operation of an immobilized bioreactor at different BTEX loadings; 
and; 
c) Population dynamics of synthetic consortia in the bioreactor to comprehend 
microbial interactions and system stability under transient BTEX loadings. 
7.2.3 Metabolomic and Proteomic analysis of co-culture 
Microbial consortia are generally considered superior over pure cultures as it 
provides an effective biodegradation pathway through a combination of various 
biochemical steps contributed by the members of the community. For an in-depth 
understanding of microbial and substrate interactions, studies on microbial growth and 
substrate utilization patterns and kinetic modeling of such interactions are insufficient. 
Hence, it is essential to comprehend the biodegradation process at the molecular level. 
It can be achieved through the investigation of metabolites produced during the 
biodegradation process and monitor the strains’ response to the metabolites. 
Recently, proteomics has opened potential avenues in understanding bacterial 
responses to stress due to substrate toxicity and intermediates from the metabolic 
pathway. These studies have been extended to understand the responses of members of 
the microbial community through comparisons of proteome of pure cultures with the 
synthetic consortia. Comparison of physiological responses of mixed culture with that 
of the members of the consortium will enable to determine the key aspects that confer 
stability and robustness to bacterial consortia (Fazzini et al., 2010). Hence, a research 
programme aimed at understanding the synergistic interaction among P. putida F1 and 
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P. stutzeri OX1 while degrading a binary substrate system comprising of ethyl benzene 
and o-xylene is proposed below: 
a) Analysis of metabolites produced during the cometabolic removal of non-
growth substrates by the individual strains. 
b) Analysis of metabolites and their fate during the biodegradation of ethyl 
benzene and o-xylene by the co-culture. 
c) Biodegradation and proteomic profile of P. putida F1 in single and dual  (ethyl 
benzene and o-xylene) substrate system; 
d) Biodegradation and proteomic profile of P. stutzeri OX1 in single and dual 
(ethyl benzene and o-xylene) substrate system;  
e) Biodegradation and proteomic profile of co-culture of P. putida F1 and P. 
stutzeri OX1 in single and dual (ethyl benzene and o-xylene) substrate system; 
and 
f) Comparative analysis of the proteomic profiles: single substrate versus mixed 
substrate and pure culture versus mixed culture. 
The bridging of metabolomics and proteomic analysis of mixed culture biodegradation 
will enable a comprehensive understanding of the effective biodegradation pathway 
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